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ABSTRACT 
 
Characterizations of Cation/H+ Antiporters from Arabidopsis and Zebrafish. 
(May 2009) 
Hui Mei, B.S., YunNan University 
Co-Chairs of Advisory Committee: Dr. Kendal Hirschi 
        Dr. Jean Gould 
 
To maintain optimal cytosolic Ca2+ concentrations, cells employ three distinct 
strategies: 1) tightly regulated influx of Ca2+; 2) efficient efflux of Ca2+ from the cell; 3) 
sequestration of Ca2+ in organelles. Ca2+efflux and influx are mediated by diverse 
transporter systems, such as pumps, channels and antiporters.  Vacuolar localized 
Ca2+/H+ exchangers such as Arabidopsis thaliana cation exchanger 1 (CAX1) play 
important roles in Ca2+ homeostasis. When expressed in yeast, CAX1 is regulated via an 
N-terminal autoinhibitory domain. I compared and contrasted the properties of N-
terminal CAX1 variants in plants and yeast expression systems to determine if 
autoinhibition of CAX1 is occurring in planta. Although several plant transporters 
appear to contain N-terminal autoinhibitory domains, my work is the first to document 
clearly N-terminal-dependent regulation of a Ca2+ transporter in transgenic plants.  
In my second study, I characterized another Arabidopsis CAX, CAX4. CAX4 is 
expressed in the root apex and lateral root primordia and expression increased when Ni2+ 
or Mn2+ levels were elevated or Ca2+ was depleted.  Transgenic plants expressing 
increased levels of CAX4 displayed symptoms consistent with increased sequestration of 
Ca2+ and Cd2+ into the vacuole.  When CAX4 was highly expressed in an Arabidopsis 
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cax1 mutant line with weak vacuolar Ca2+/H+ antiport activity, a 29% increase in 
Ca2+/H+ antiport was measured.  A cax4 loss-of-function mutant and CAX4 RNA 
interference lines displayed altered root growth in response to Cd2+, Mn2+, and auxin.  
The DR5::GUS auxin reporter detected reduced auxin responses in the cax4 lines. My 
results indicate that CAX4 is a cation/H+ antiporter that plays an important function in 
root growth under heavy metal stress conditions. 
My third study is to characterize a zebrafish CAX.  In this study, I have initiated 
characterization of a zebrafish CAX by initially expressing the open reading frame in 
yeast. Zebrafish Cax1 was localized on the yeast endomembranes and displayed Ca2+/H+ 
activity. In zebrafish embryos, Cax1 was specifically expressed in neural crest cells and 
morpholino knockdowns of cax1 caused defects in neural crest development as 
measured by alterations in pigmentation, defects in jaw development and reduction in 
expression of the neural crest marker, pax7.  Collectively, our findings provide a 
previously unexpected role of CAX transporters in animal growth and development. 
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CHAPTER I 
INTRODUCTION: REVIEW OF LITERATURE 
 
To maintain optimal cytosolic Ca2+ concentrations, cells employ three distinct 
strategies: 1) tightly regulated influx of Ca2+; 2) efficient efflux of Ca2+ from the cell; 
and 3) sequestration of Ca2+ in organelles. Ca2+efflux and influx are mediated by diverse 
transporter systems, such as pumps, channels and antiporters.  Yeast (Saccharomyces 
cerevisiae) are unicellular fungi that have a relatively small genome but complex 
internal cell structures, which are similar to those of plant cells.  The availability of 
mutant yeast strains lacking endogenous transport systems provides an efficient tool to 
study Ca2+ transporters from higher eukaryotes upon their expression in yeast cells.   The 
discovery, biochemical characterization, and protein designing of plant transporters have 
been aided by yeast systems.  Of special note, yeast played an indispensable role in the 
study of CAX-type cation/H+ exchangers.  Therefore, yeast is a tractable model for 
studying the biochemical properties and physiological functions of Ca2+ transporters 
from plants.  
In this review, I will emphasize the use of the yeast as a model system to study 
Ca2+ transporters.  I will first review current investigations on yeast Ca2+ transporters and 
their roles in Ca2+ signaling. In the second part of this review, a group of cation/H+ 
exchangers termed CAXs (CAtion/H+ eXchangers) will be reviewed to highlight the 
application of yeast system in plant transporter research. 
 
____________ 
This dissertation follows the style of The Plant Cell.   
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Cytosolic Ca2+ homeostasis in budding yeast (Saccharomyces cerevisiae)  
 
Yeast are unicellular fungi that provide a tractable model for biological studies. 
In terms of industrial applications, the budding yeast Saccharomyces cerevisiae has been 
used in baking and alcoholic beverage fermentations for thousands of years (Ostergaard 
et al., 2000).  In the laboratory, tremendous progress in molecular biology, genomics, 
and computer technology has resulted in great advances in yeast research. S. cerevisiae 
has a relatively small genome, predicted to encode ~6200 proteins, and was the first 
eukaryote to have its genome completely sequenced (Goffeau et al., 1996). Other 
experimental advantages include ease of culture, high efficiency in transformation, 
complex internal cell structures (similar to plant and animal cells) and the availability of 
genome wide deletion mutants. A number of online databases, for example, the 
Saccharomyces Genome Database (http://www.yeastgenome.org/) catalogs the results 
from yeast studies and provides a comprehensive database of yeast related research.  All 
these tools make yeast one of the most intensively researched eukaryotic organisms.  
Many proteins and signaling pathways are conserved among eukaryotic 
organisms. It was clear long before the systematic sequencing of yeast genomes began 
that there are genes in yeast that encode proteins similar to more “complex” organisms 
(Botstein and Fink, 1988).   The homologies are not only of sequence but also of 
biological function (Botstein et al., 1997). Thus, by studying yeast, we can make 
valuable insights into a variety of biological systems.  For example, the understanding of 
Ca2+ homeostasis in yeast cells provides a platform to delineate Ca2+ signaling networks 
in other organisms.  
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Calcium plays an indispensable role in eukaryotic cells. Particularly, Ca2+ acts as 
an important second messenger in the transduction of external signals through the 
cytoplasm (Cunningham and Fink, 1994; Bonilla and Cunningham, 2002). Intracellular 
Ca2+ concentrations act as a signal to regulate a variety of physiological changes. In 
yeast cells, Ca2+ plays a role in the mitotic cycle and mating process (Anraku et al. 
1991), salt and cold stresses (Batiza et al., 1996; Bonilla and Cunningham, 2003; 
Matsumoto et al., 2002), nutrient sensing and the cell integrity response (Ton and Rao, 
2004).  
In resting yeast cells, cytosolic free Ca2+ is actively maintained in the range of 
50-200nM in the presence of environmental Ca2+ concentration ranging from <1M to > 
100mM (Miseta et al., 1999).  In response to a variety of external stimuli, Ca2+ - 
signaling is generally initiated by releasing of Ca2+ from intracellular organelles. Ca2+ 
signal transduction can be divided into four components (Berridge et al., 2000; Winslow 
and Crabtree, 2005): 
 Stimulus 
 Release Ca2+ into cytoplasm 
 Ca2+ functions as second messengers 
 Restoration of the low cytosolic free Ca2+ level  
Previously, several external stimuli were shown to evoke calcium signaling 
including mating pheromones, salt stress, glucose-1-phosphate accumulations, and 
depletion of Ca2+ from secretory organelles (Birchwood et al., 2001). Each of these 
signals causes various physiological responses including biochemical responses and 
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alterations in gene expression. Opening of Ca2+ channels in the plasma membrane and 
certain organellar membranes is the initial step of Ca2+ signaling. The massive influx of 
Ca2+ into the cytosol down its concentration gradient increases cytosolic Ca2+ levels 10- 
to 100-fold (Cunningham and Fink, 1994). The released Ca2+ binds to and activates 
regulatory proteins such as calmodulin, which regulates downstream events. The 
restoration of the cytosolic Ca2+ level is soon followed by channel closure and activation 
of Ca2+ pumps and antiporters to remove Ca2+ from the cytoplasm.  
Our understanding of how the Ca2+ channels, pumps and antiporters work 
together to maintain the Ca2+ levels in the cytoplasm of yeast cells has been significantly 
increased with the recent cloning and characterization of key transporters and regulators.  
Under normal conditions, extracellular Ca2+ enters the cytosol through an as of yet 
unidentified channel. Meanwhile, the  Cch1p-Mid1p channel on the plasma membrane 
opens only under specific conditions such as pheromone stimulation and depletion of 
secretory Ca2+ (Locke et al., 2000). The vacuolar channel Yvc1p releases Ca2+ into the 
cytosol under extracellular hypertonic shock (Palmer et al., 2001).  To reset calcium 
levels, cytosolic Ca2+ can be pumped into both the ER and Golgi through Pmr1p and can 
be sequestered into the vacuole through Pmc1p and Vcx1p (see below). The expression 
of Pmc1, Pmr1 and Vcx1 are regulated by calcineurin, a highly conserved protein 
phosphatase (Cunningham and Fink, 1996; Jingsbury and Cunningham, 2000). 
Calcineurin is activated by Ca2+/calmodulin, and calmodulin is a small Ca2+-binding 
protein. In response to the elevation of the cytosolic Ca2+ level, calmodulin binds Ca2+ to 
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activate target proteins including calcineurin (Cyert, 2001). The recent progress in 
understanding each of the Ca2+ transporters is summarized in figure 1.1. 
Ca2+ channels 
Ion channels are molecular entities found in both prokaryotes and higher 
eukaryotes (Bonilla and Cunningham, 2002).  In yeast, the plasma membrane Ca2+ 
channel, Cch1p, was identified by its homology to mammalian L-type voltage-activated 
Ca2+ channels (VGCCs) 1-subunit (Fischer et al., 1997; Catterall, 2000). Cch1p is 
required for Ca2+ influx in mutants lacking Pmr1p which is a Golgi localized Ca2+ pump 
(see below).  Cch1p activity is also stimulated by carbohydrates, lipid biosynthesis, and 
ER stress (Bonilla et al., 2002). A second plasma membrane protein Midp1 is also 
required for Ca2+ influx under these conditions and during mating (Iida et al., 1994, 
Fischer et al., 1997). Mid1p shares homology with cyclic nucleotide-gated cation 
channels.  In the absence of Ca2+, the mid1 mutant dies in response to mating pheromone 
because of a defect in Ca2+ influx.  Mid1p interacts with Cch1p (Locke et al., 2000) and 
is required for Cch1p activity under various conditions in vivo (Fischer et al., 1997; 
Paidhungat et al., 1997; Locke et al., 2001), suggesting that Mid1p and Cch1p encode 
subunits of a high-affinity Ca2+ channel and catalyze Ca2+ influx into yeast. The cch1 
mid1 double mutant is hypersensitive to low temperatures and to high iron 
concentrations in the medium and both phenotypes are suppressed by high Ca2+ 
concentrations (Peiter et al., 2005). These findings suggest Cch1pMid1p-mediated Ca2+ 
influx is essential for cold stress and oxidative stress tolerance.  
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Figure 1.1 Ca2+ signaling pathway and transporters in Saccharomyces cerevisiae.  
 
Ca2+ enters the cytosol via the plasma membrane channel complex Cch1p/Mid1p 
or the vacuolar transient receptor potential-like channel Yvc1p in response to 
diverse environmental cues such as ER stress, mating pheromone or hyperosmotic 
shock.  The Ca2+ signaling pathway has been well characterized at the molecular 
level. Ca2+ and calmodulin activate the protein phosphatase calcineurin, which in 
turn activates the transcription factor Crz1p/Tcn1p, leading to its nuclear 
translocation and the transcription of target genes, including vacuolar Ca2+-
ATPase Pmc1 and Golgi Ca2+-ATPase Pmr1.  Unlike Pmc1 and Pmr1, the 
vacuolar H+/Ca2+ exchanger Vcx1p is negatively regulated by Crz1p at post 
translation level.  To reset the Ca2+ level in cytosol, Ca2+ is removed from the 
cytosol by Pmr1p, Pmc1p, and Vcx1p. 
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The yeast vacuolar Ca2+ channel Yvc1p is similar to mammalian transient 
receptor potential channels (TRPCs) (Palmer, et al., 2001). It has been shown by 
electrophysiology methods to be a cation-selective channel that can conduct Ca2+, K+, or 
Na+ (Wada et al., 1987; Bertl and Slayman, 1990, 1992; Bertl et al., 1992). In vivo, 
Yvc1p is required for Ca2+ release from vacuoles under hyperosmotic shock (Denis and 
Cyert, 2002).  
Ca2+ pumps 
In yeast cells, ATP-driven pumps actively transport Ca2+ from the cytosol to 
extracellular space or intracellular organelles including the ER, Golgi, and vacuole. Two 
Ca2+-ATPases have been identified, the vacuolar Ca2+-ATPase Pmc1p and Ca2+/Mn2+-
ATPase Pmr1p which is localized on Golgi.  
Vacuolar membrane Ca2+ pump Pmc1p is similar in sequence to mammalian 
plasma membrane Ca2+ -ATPases (PMCAs; Cunningham and Fink, 1994). Cells lacking 
Pmc1p are unable to grow in the media containing 200mM Ca2+ and accumulate 20% 
less intracellular Ca2+ than wild-type cells, while deletion of the vacuolar Ca2+/H+ 
exchanger Vcx1p only decreases Ca2+ tolerance slightly (see below), suggesting that 
Pmc1 plays a more significant role in vacuolar Ca2+ sequestration in response to high 
extracellular Ca2+ level (ref?). 
The Golgi-localized Ca2+/Mn2+-ATPase Pmr1p is important for secretory 
pathway functions by supplying the Golgi lumen with Ca2+ and Mn2+ for protein sorting 
and glycosylation. The pmr1 mutant strain is hypersensitive to excessive Mn2+ in the 
medium or removal of Ca2+ from the medium by the chelator BAPTA (Sorin et al., 1997; 
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Yadav et al., 2007). This sensitivity to the lack of Ca2+ in pmr1 mutants is due to the 
Ca2+ starvation in the early part of the secretory pathway and it can be suppressed by the 
addition of Ca2+ in the medium.  The Mn2+ hypersensitivity of pmr1 mutants 
corresponds to the accumulation of toxic levels of cellular Mn2+.  The pmr1 mutant 
yeast cells also display missorting and misprocessing of proteins along the secretory 
pathway.  
Ca2+ exchanger 
In yeast, the vacuole functions as a cellular storage compartment in Ca2+ 
signaling and detoxification of elevated extracellular Ca2+ concentrations.  As mentioned 
before, The Ca2+ ATPase Pmc1p and Ca2+/H+ exchanger Vcx1p mediate sequestration of 
Ca2+ into the vacuole. The Vcx1p is a high capacity, low affinity Ca2+/H+ exchanger 
driven by the proton electrochemical gradient generated by the vacuolar H+-ATPase 
(Cunningham and Fink, 1995; Miseta and Bedwell, 1999, Pittman et al., 2004). 
Although deletion of VCX1 does not cause considerable Ca2+ sensitivity, the deletion of 
both PMC1 and VCX1 genes leads to a greater sensitivity to Ca2+ than the loss of either 
gene alone, (Pozos et al., 1996) and Vcx1p is required to rapidly restore basal cytosolic 
Ca2+ levels following a Ca2+ shock (Miseta et al., 1999).  
Regulation of Ca2+ transporters 
Calmodulin and calcineurin are two critical mediators in the Ca2+ signaling 
transduction pathway (Cyert, 2003). Calmodulin is a small Ca2+ -binding protein, and it 
binds Ca2+ via motifs called EF hands which consist of two -helices (Babu et al., 1988). 
Upon binding of Ca2+, the helical EF hands of calmodulin undergo a dramatic 
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conformational change to release free energy (Trave et al., 1995). Calcineurin is a 
protein phosphatase consisting of a catalytic A subunit and a Ca2+-binding regulatory B 
subunit.  When cytosolic Ca2+ levels are low, calcineurin is inactive. In response to 
environmental stress, Ca2+ is released to elevate cytosolic Ca2+ levels and calcineurin is 
activated by Ca2+/calmodulin binding to dephosphorylate key substrates. A transcription 
factor Crz1p (‘crazy’) is the best-characterized substrate of calcineurin in yeast. Crz1p 
rapidly accumulates in the nucleus after being dephosphorylated by calcineurin.  Crz1p 
has a zinc-finger domain binding to a consensus sequence termed the calcineurin-
dependent response element (CDRE; Stathopoulos and Cyert, 1997). There are more 
than 160 genes induced by Crz1p activation and most of them contain the CDRE in their 
promoter regions. Vacuolar Ca2+-ATPase PMC1 is one of these genes. When yeast cells 
are exposed to high extracellular Ca2+ (Cunningham and Fink, 1994) or lack Pmr1 
(Marchi et al., 1999), transcription of PMC1 is highly induced by the calcineurin-
dependent pathway. Unlike PMC1, vacuolar Ca2+/H+ exchanger Vcx1p activity is 
apparently inhibited by calcineurin at the post translation level (Cunningham and Fink, 
1996). One study has suggested that the Golgi Ca2+-ATPase Pmr1p is the major Ca2+ 
pump under normal growth conditions (Marchi et al., 1999). During Ca2+ signaling 
events, intracellular Ca2+ levels increase, and vacuolar Ca2+/H+ Vcx1p is activated and 
rapidly sequesters cytosolic Ca2+ into the vacuole and attenuates the activation of Ca2+ 
signaling pathways, whereas vacuolar Ca2+-ATPase Pmc1p appears to play a minimal 
role in the rapid sequestration of cytosolic Ca2+ under this condition. When the 
extracellular Ca2+ level is high, the calmodulin-calcineurin pathway is activated leading 
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to down-regulation of Vcx1p activity and maximizing induction of other Ca2+ 
transporters such as Pmr1p and Pmc1p.  These transporters may be optimally suited to 
maintain growth under conditions of high environmental Ca2+ stress. A more recent 
study has concluded that Pmc1p rather than Pmr1p is the major intracellular Ca2+ 
transporter under normal conditions (Aiello et al., 2004). These conflicting roles for 
these transporters will require more careful experiments. 
Overview of Cation/H+ exchangers (CAXs) 
The CAXs (for CAtion eXchangers)  are a group of integral membrane proteins 
that transport Ca2+ and other cations out of the cytosol using the H+ gradient generated 
by primary transporters. Cation/H+ exchangers are high-capacity, low-affinity 
transporters that have been found in bacteria, Dictyostelium, fungi, plants, and lower 
vertebrates (Shigaki et al., 2006). For examples: Yeast Vcx1p, which has been 
mentioned before, is a member of the CAX family.  E. Coli Na+/H+ exchanger ChaA 
also belongs to the CAX family (Ivey et al., 1993).  Arabidopsis thaliana and rice have 
multiple CAXs.  Phylogenetic analysis of the CAX genes suggests that there are three 
major types of CAXs: Type I CAXs are similar to Arabidopsis thaliana CAX1; Type II 
CAXs have a long-N-terminal hydrophilic region; and Type III CAXs are similar to E. 
Coli ChaA (Shigaki et al., 2006).   
Type I CAXs 
Type I CAXs have been physiologically characterized from several organisms 
and appear to be located predominantly on the vacuolar membrane (Shigaki et al., 2006; 
Blumwald and Poole, 1986; Kasai and Muto, 1990; Ettinger et al., 1999; Cheng et al., 
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2001).  The first two plant Ca2+/H+ exchangers were identified from Arabidopsis 
thaliana by using a yeast suppression screen, and they are named CAX1 and CAX2 
(Hirschi et al., 1996).   CAX1 is a Ca2+/H+ exchanger and CAX2 has a wide substrate 
range and transports Ca2+, Cd2+, and Mn2+ (Hirschi et al., 2000; Shigaki et al., 2003).   
Numerous CAX transporters have been identified from a variety of plants (Kamiya and 
Maeshima, 2004; Kamiya et al., 2005; Shigaki et al., 2006).   To-date, there are 17 
CAXs from plants in the public database. All of plant CAXs and yeast Vcx1p are Type I 
CAXs.  The genome of A. thaliana appears to contain six Type I CAXs, termed CAX1 
thru CAX6. The putative proteins in this group consist of  approximately 400 to 800 
amino acids, and the membrane topology analysis suggests that Type I CAXs contain 11 
transmembrane (TM) domains with an acidic motif between TM6 and TM7 (Figure 1.2).  
Several functional domains have been identified from Type I CAXs including an N-
terminal autoinhibitory domain (Pittman and Hirschi, 2001) and two distinct cation 
domains (Shigaki et al., 2001, 2003).  A detailed review of N-terminal autoinhibition 
studies and the physiological role of CAX1 in the plant are presented in Chapter II (Mei 
et al., 2007).  A. thaliana CAX3 is 77% identical (93% similar) to CAX1 but does not 
suppress yeast mutants defective in vacuolar Ca2+ transport when expressed in yeast 
(Shigaki et al., 2001).  A 9 amino acid domain from CAX1 was identified using chimeric 
constructs of CAX1 and CAX3. When this 9 amino acid domain is inserted into CAX3, 
CAX3 can suppress yeast vacuolar Ca2+ transport mutants. This 9 amino acid domain is 
termed the calcium domain.  CAX2 is a heavy metal transporter which can transport 
Ca2+, Mn2+, and Cd2+.  Similar chimeric constructs of CAX1 and CAX2 were made to 
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identify a critical Mn2+ domain on CAX2 (Shigaki et al., 2003).  When a 10 amino acid 
domain from CAX1 is inserted into CAX2, the Ca2+ transport of CAX2 is not affected 
but the Mn2+ transport of CAX2 is completely lost. The positions of the calcium domain 
and the manganese domain are indicated in figure 1.2.  Besides these two functional 
domains, a crucial His338 residue on CAX1 has also been identified (Shigaki et al., 
2005).  Mutation of His338 can change the CAX1 Ca2+ transport activity and substrate 
specificity.  Another study with CAXs in rice has identified two highly conserved 
regions between TM3 and TM4 and between TM8 and TM9. These two repetitive 
regions have been termed repeats c-1 and c-2 (Kamiya and Maeshima, 2004). Using site-
directed mutagenesis of rice CAXs, several residues involved in substrate specificity in 
these two repeats have been identified.  For example, 5 residues (Ser155, Ser158, Asn159, 
Gly325, and Ser352) are involved in selectivity of Mn2+.  
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These detailed studies would not have been possible if the plant CAXs had not 
been expressed and screened in yeast.  The yeast system was ideal due to its fast growth, 
ease of protein expression, and reproducible and highly screenable phenotypes.  
Moreover, the phenotypes and biochemical properties observed in yeast have been 
demonstrated to be well correlated with those in plants.  For example, N-terminus 
autoinhibition discovered in yeast was later precisely reproduced in plants [42].  
Transport measurements performed in plants also were well correlated with the data 
from yeast.  Although we must keep in mind the potential pitfalls of the heterolgous 
system, the results from CAX studies validate the use of yeast system.  In fact, in many 
instances, yeast is the system of choice. 
 
 
Figure 1.2 Topology model of Type I CAXs.  
 
1 
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Type II CAXs 
Type II CAXs are present in fungi, Dictyostelium, Xenopus, and some lower 
vertebrates, but they do not appear to be present in higher vertebrates or plants (Shigaki 
et al., 2006).  Most genomes appear to contain only one copy of this putative exchanger. 
A yeast open reading frame YNL321W belongs to the Type II CAXs.  This group of 
CAXs appears to contain unusual secondary structures and consists of approximately900 
to 1150 amino acids.  The membrane topology analysis reveals that Type II CAXs have 
two additional putative TM domains at the N-terminus in comparison with Type I and 
Type III CAXs (Figure 1.3).   
The C-terminus half of Type II CAXs is highly similar to Type I or III CAXs that 
contain 11 TM domains. The first TM domain of Type II CAXs is homologous to an 
unknown function conserved domain (DUF307) found in small membrane proteins in 
bacteria and fungi.  The second TM domain in Type II CAXs is homologous to the  
subunit proteins of Na+, K+-ATPase (McDonough et al., 1990; Laughery et al., 2003).  
This subunit may possibly play a role in its plasma membrane localization.  
The characterization of this Type CAX is one of the central topics of my 
dissertation. As I detail in Chapter III, using zebra fish CAX1, I am attempting to discern 
the function of type II CAXs. 
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Type III CAXs 
Type III CAXs are found only in Bacteria (Shigaki et al., 2006).   Some bacterial 
species have both Type I and Type III CAXs.  Type III CAXs contain 11 putative TM 
domains and approximately 400 amino acids. ChaA from E. coli is the only well-
 
Figure 1.3 Membrane topology of Type I and Type II CAXs. 
 
The topologic models were generated by the TMHMMprogram (Krogh et al. 
2001).  The top panel indicates that Type I CAXs have 11 TM domains. The 
bottom panel indicates that Type II CAXs have 13 TM domains  (Adapted from 
Shigaki et al., 2006).  
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characterized Type III CAX (Ivey et al., 1993; Sakuma et al., 1998). ChaA was 
identified by its ability to restore Na2+ resistance to Na2+/H+ antiporter-deficient E. coli 
strains.  Besides the Na2+/H+ transport activity, ChaA also has a pH-independent Ca2+/H+ 
activity and plays a role in calcium homeostasis at alkaline pH. 
Conclusions 
Transporters selectively import and export molecules and ions across 
membranes. Many of these membrane transport processes are well conserved from 
bacteria to human beings.  Yeast has been used as a model in studies elucidating many 
cellular functions including the protein secretory pathway and membrane transport 
mechanisms. In the first session, I discussed: the Ca2+ transport in yeast by focusing on 
the different types of Ca2+ transporters and how these transporters are regulated. In the 
second session, I discussed the CAXs family by focusing on the characterization of 
Arabidopsis CAX1 and CAX2, identification of functional domains of CAXs, and 
phylogeny of CAXs.   
Membrane transport is essential for almost all physiologic processes.  New 
information, emerging from the study of model systems such as yeast and Arabidopsis, 
give us a better understanding of the nature of transporters including transporter protein 
structures, the substrates, their regulation, and their impact on cellular and organ 
functions. In the future, we can further apply this understanding to manipulate 
membrane transport of ions and nutrients.  
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CHAPTER II 
IN PLANTA REGULATION OF THE ARABIDOPSIS Ca2+/H+ ANTIPORTER CAX1* 
 
Introduction 
In all biological systems, the intracellular calcium (Ca2+) concentrations fluctuate 
in response to environmental and internal cues (Sanders et al., 1999; Curran et al., 
2000). The cytosolic Ca2+ levels in plant cells are tightly regulated by two opposing 
fluxes, the influx via Ca2+ channels and the efflux via Ca2+-ATPases and Ca2+/H+ 
antiporters (Sze et al., 2000). Up to now, the regulation of these transporters has been 
studied almost exclusively in heterologous systems such as yeast (Saccharomyces 
cerevisiae).  
Ca2+/H+ antiporters are high-capacity, low-affinity transporters that have been 
physiologically characterized from a variety of plants and appear to locate 
predominantly on the vacuolar membrane, but also on the plasma membrane and 
chloroplast thylakoid membrane (Blumwald and Poole, 1986; Kasai and Muto, 1990; 
Ettinger et al., 1999; Cheng et al., 2001; Luo et al., 2005; Qi et al., 2005). To identify 
the first two plant Ca2+/H+ antiporter genes, a yeast suppression assay was carried out 
(Hirschi et al., 1996). Yeast strains lacking the vacuolar P-type Ca2+-ATPase (PMC1) 
____________ 
*This chapter is reprinted with permission from “In planta regulation of the Arabidopsis 
Ca2+/H+ antiporter CAX1” by  Mei H., Zhao J.,Pittman, J.K., Lachmansingh J.,Park 
S., and Hirschi, K.D. (2007). J. Exp. Bot. © 2007  
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and the vacuolar Ca2+/H+ antiporter (VCX1) grow slowly in media containing high levels 
of Ca2+(Cunningham and Fink, 1996). Two different Arabidopsis thaliana cDNAs were 
isolated which allowed pmc1 vcx1 double mutant yeast stains to grow well in the media 
containing high levels of Ca2+. These genes were termed cation exchanger (CAX) 1 and 
2 (Hirschi et al., 1996). Experiments utilizing vacuolar membranes from yeast cells 
expressing CAX1 or CAX2 demonstrate that CAX1 is a Ca2+/H+ antiporter and CAX2 is 
a cation/H+ antiporter which transports Ca2+, Cd2+, and Mn2+ into the vacuole (Hirschi et 
al., 2000; Shigaki et al., 2003). Subsequently, numerous CAX transporters have been 
identified from various plant species (Kamiya et al., 2005; Shigaki and Hirschi, 2006) 
and their N-terminal autoinhibitory regions defined using yeast assays (Pittman and 
Hirschi, 2001).  
An N-terminal autoinhibitory domain controls CAX1 activity as well as other 
CAX transporters including VCAX1 and CAX2 (Pittman and Hirschi, 2001; Pittman et 
al., 2002a, b, 2004). The originally identified CAX1 and CAX2 transporters are, in fact, 
products of partial length cDNAs and contain an N-terminal truncation which facilitates 
activity in yeast (now termed sCAX1 and sCAX2). In planta, CAX1 contains an 
additional 36 amino acid at the N-terminus which is not present in sCAX1. In yeast, full-
length CAX1 acts as a weak vacuolar Ca2+/H+ antiporter, as transport activity is severely 
reduced when compared with sCAX1 (Cheng et al., 2005). This autoinhibition is caused 
by the N-terminus physically interacting with a neighbouring N-terminal region 
(residues 56–62) (Pittman and Hirschi, 2001; Pittman et al., 2002a). Further studies have 
identified crucial residues in these first 36 amino acids that are involved in N-terminal 
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autoinhibition. For example, expressing a Thr-33 to Ala variant (T33A) of CAX1 
effectively suppresses Ca2+ sensitivity in yeast mutants in a manner indistinguishable 
from sCAX1 expressing cells. Mutation of a Ser residue at position 25 to Asp (S25D) 
also activated CAX1, suggesting this Ser may be a potential target for phosphorylation 
as this mutation mimics constitutive phosphorylation, while a CAX1-S25A mutation 
gave a CAX1 mutant that was indistinguishable from wild-type CAX1 when expressed 
in the Ca2+-sensitive yeast cells (Pittman et al., 2002a). However, these plant transporter 
activities were assayed exclusively in yeast cells and it is not known if this activity, or 
lack thereof, is maintained in transgenic plants expressing these constructs. To date, the 
only evidence to hint that autoinhibition occurs in the plant and is not purely an artefact 
of the yeast expression is the ability of a synthetic peptide, which corresponds to the first 
36 amino acids of CAX1, to inhibit tonoplast Ca2+/H+ transport activity in Arabidopsis 
(Pittman et al., 2002b; Cheng et al., 2003); however, a more rigorous confirmation is 
required.  
Transgenic plants expressing CAX transporters may be a component of long-
range goals to enhance plant yield and improve human nutrition (Shigaki and Hirschi, 
2006). Tobacco, carrots, potatoes, and tomatoes expressing sCAX1 all contain high 
levels of calcium (Hirschi, 1999; Park et al., 2004, 2005a, b). In some cases, when 
transgenic plants express sCAX1, the phenotypes are dramatic. Tobacco (Nicotiana 
tabacum) lines expressing sCAX1 exhibit Ca2+-deficient symptoms such as leaf necrosis, 
tip burning, and hypersensitivity to ion imbalance as well as increased tonoplast Ca2+/H+ 
transport activity (Hirschi, 1999). If the aim is to carefully modulate Ca2+/H+ transport 
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activity in various crop plants, it is important to delineate if these phenotypes are caused 
by the deregulated nature of sCAX1. In addition, insights into the phenotypes associated 
with expression of various CAX1 variants should facilitate the rational design of 
transporters which maximize calcium accumulation but minimize deleterious 
phenotypes.  
Recent technologies make it possible to measure how CAX expression modulates 
the sum total of all the mineral nutrients and trace elements, termed the ionome (Lahner 
et al., 2003; Cheng et al., 2005). This technology can now be harnessed as a means not 
only to measure phenotypes but also provide important clues about gene function. For 
example, yeast ionome profiles have been used to reveal the function of previously 
uncharacterized yeast genes (Eide et al., 2005). In theory, heterologous expression and 
ionome measurements could be used to characterize plant transporters.  
Here, N-terminal autoinhibition of CAX1 is evaluated in transgenic tobacco 
plants. Initially, the yeast ionome was used to compare the activity of CAX1 variants in 
yeast cells. CAX1 variants were then expressd in transgenic tobacco plants in order to 
assess differences in growth and biochemical phenotypes. These results were compared 
with our previous findings utilizing the yeast expression assays. Collectively, the results 
suggest that the yeast assays provide a robust model to assess CAX autoinhibition. To 
our knowledge, this is the first report to demonstrate clearly the presence of N-terminal 
autoinhibition of transport function in planta. These findings also offer insights into 
engineering enhanced transporter activity into agriculturally important crops. 
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Materials and Methods 
Yeast strain and plasmids 
The yeast (Saccharomyces cerevisiae) strain K667 (cnb1::LEU2 pmc1::TRP1 
vcx1 ; Cunningham and Fink, 1996) was transformed and grown as described 
previously (Shigaki et al., 2003). The CAX1, sCAX1, CAX1-T33A, and CAX1-S25A 
cDNA clones were subcloned into the yeast expression vector piHGpd (Nathan et al., 
1999) as described in previous studies (Pittman and Hirschi, 2001; Pittman et al., 
2002a).  
Yeast culture conditions, sample processing, and ICP-AES analysis 
Yeast culture conditions and sample processing were modified from a previous 
study (Eide et al., 2005). Yeast cultures were inoculated in 5 ml yeast–peptone–dextrose 
(YPD) and 1/100 vol. of 100x mineral supplement stock (Eide et al., 2005) with 
additional 10 mM CaCl2. The cells were grown at 30 °C to stationary phase. A 2.5 ml 
sample of each culture was collected by vacuum filtration using isopore membrane 
filters (1.2 µm pore size) (Fisher Scientific, PA, USA). Cells were washed three times 
with 1 ml of 1 µM ethylenediaminetetraacetic acid disodium salt solution, pH 8.0, by 
vacuum filtration followed by three washes with 1 ml of distilled, deionized H2O. The 
filters were dried at 70 °C in an oven for 48 h before inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) analysis, performed as previously described (Lahner 
et al., 2003).  
 
 
  
22 
Plant materials, transformation, and growth conditions 
The generation of the sCAX1 in the pBin19 construct has been previously 
described (Hirschi, 1999). The CAX1, CAX1-T33A, and CAX1-S25A cDNAs were 
subcloned into the plant expression vector pBin19 (Clontech, CA, USA), which 
contained the cauliflower mosaic virus (CaMV) 35S promoter fragment. The 
recombinant plasmids or vector controls were transformed into Agrobacterium 
tumefaciens LBA4404 (Invitrogen, CA, USA). Tobacco (Nicotiana tabacum) plants (cvs 
KY160 and KY14) were transformed along with the empty vector as a control as 
previously described. CAX1 and sCAX1 were expressed in KY160 (Hirschi, 1999). 
CAX1-T33A and CAX1-S25A were expressed in KY14 (this work).  
Surface-sterilized tobacco seeds were germinated and grown as previously 
described (Hirschi, 1999). For ion sensitivity analysis, 14 d after plating, the seedlings 
were transferred to half-strength MS medium (Murashige and Skoog, 1962) containing 
1% (w/v) agar supplemented with the appropriate metal salt. To make media deficient in 
Ca2+, standard half-strength MS medium including 1% (w/v) agar was prepared, except 
that CaCl2 was omitted. For the transport assays, tobacco seeds germinated on the 
standard medium were transferred to soil, and then the 4-week-old plants were 
transferred to a hydroponic system containing Hoagland's solution (Hoagland and 
Arnon, 1950).  
 
 
 
  
23 
DNA and RNA isolation: Southern and northern blot analysis 
Tobacco genomic DNA was extracted from leaf tissue as previously described by 
Paterson et al. (1993). DNA (5–10 µg) was digested with EcoRI or BamHI and separated 
by electrophoresis and blotted onto Hybond N+ membrane (Amersham Biosciences, NJ, 
USA). Total RNA was extracted from tobacco leaves as previously described (Hirschi, 
1999). RNA samples were treated with DNase to minimize any contamination of 
genomic DNA. The sequences of the CAX1 gene-specific primers used in reverse 
transcription PCR were 5'-AAAAAATCAGACCTCCGAGTGATTCAGAA-3' and 5'-
CCTTTCTCCATTGTCTCTGCTTTGGAAA-3'. Total RNA (10 µg) was separated on 
1% (v/v) agarose gel containing formaldehyde, blotted onto Hybond N+ membrane 
(Amersham), according to the manufacturer's instructions. PCR reactions were 
performed to make probes for both Southern and northern blot analysis, using a CAX1-
specific primer set. The sequences of the CAX1 primers were 5'-
ATGGCGGGAATCGTGACAGAGCC-3' and 5'-TTAACCCGTTTTAACTTTATTTG-
3'. The membranes were prehybridized overnight at 60 °C in 7% (w/v) SDS and 0.25 M 
Na2HPO4, and then hybridized overnight at 60 °C in the same solution containing the 
probe labelled with 32P-dCTP using a random primed labelling kit (Invitrogen, CA, 
USA). Membranes were washed twice for 30 min each with 2x SSC and 1% SDS at 60 
°C and then washed twice again for 30 min each with 0.1x SSC and 0.5% (w/v) SDS at 
60 °C. Membranes were exposed to X-ray film at –80 °C.  
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Preparation of membrane vesicles and Ca2+ transport assay 
Microsomal membrane vesicles were prepared from 8-week-old hydroponically 
grown plant root tissue and pretreated with 100 mM CaCl2 for 18 h before harvest. All 
membrane isolation steps were conducted at 4 °C as previously described (Hirschi, 
1999). 45Ca2+ uptake was measured by a filtration assay as previously described (Pittman 
and Hirschi, 2001).  
Calcium and mineral analysis 
Four-week-old tobacco plants were transferred to hydroponic growth for 4 weeks 
in Hoagland's solution supplemented with 2 mM CaCl2. The roots were rinsed in water 
and harvested. The roots were dried at 70 °C for 3 d. At least 500 mg (dry weight) of 
root tissue was analysed individually; roots weighing less were pooled to yield the 
required weight as described previously (Hirschi, 1999). Total calcium and mineral 
contents per gram of dry mass were determined by using an inductively coupled plasma 
atomic emission spectrophotometer (Spectro, Kleve, Germany) as previously described 
(Lahner et al., 2003). 
Results 
CAX1 expression and the yeast ionome 
I was interested in assessing the impact of expressing CAX variants on the yeast 
ionome. To summarize previous results, the CAX1-T33A variant made CAX1 
constitutively active comparable with sCAX1 while a CAX1-S25A variant was no more 
active than CAX1 (Pittman et al., 2002a). In this study, these variants, the empty vector 
control, CAX1, and sCAX1 were expressed in the K667 (vcx1 pmc1 cnb1) mutant yeast 
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strain, which is deficient in vacuolar Ca2+ transporters (Cunningham and Fink, 1996), 
and the cells were grown in liquid media supplemented with several elements to levels 
sufficient to facilitate detection in cell extracts by ICP-AES. As shown in Figure 2.1A, 
sCAX1-expressing yeast cells accumulated Ca2+ approximately 4-fold compared with 
the vector control cells. The accumulation of calcium in the CAX1-T33A-expressing 
yeast cells was similar to that of sCAX1-expressing cells. Meanwhile CAX1- and 
CAX1-S25A-expressing yeast cells contained levels of calcium similar to the vector 
control cells (Figure 2.1A). In addition to the increased calcium accumulation, nickel, 
zinc, iron, and magnesium levels were also increased in sCAX1- and CAX1-T33A-
expressing yeast cells compared with the vector control cells (Figure 2.1B). Again, these 
increases in other metals were not seen in the CAX1- and CAX1-S25A-expressing yeast 
cells. Other metal levels such as sodium, manganese, potassium, phosphorus, and copper 
were similar among all the yeast cells tested (Figure 2.1C). 
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Figure 2. 1 Yeast ionome. 
 
Concentrations of minerals in vector-, sCAX1-, CAX1-, CAX1-T33A-, and CAX1-
S25A-expressing yeast cells grown in yeast-peptone-dextrose (YPD) medium with 
mineral supplements and additional 10 mM CaCl2. (A) Total calcium 
concentration. (B) Total magnesium, iron, nickel, and zinc concentrations. (C) 
Other mineral concentrations. All the mineral concentrations were determined by 
ICP-AES. In (B) and (C), values were normalized to concentrations of empty 
vector control-containing yeast cells. Data represent the means (±SD) from three 
independent analyses. 
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CAX variants expressed in transgenic tobacco 
To gain insights into the N-terminal autoinhibition of CAX1 in planta, empty 
vector controls, CAX1, sCAX1, CAX1-T33A, and CAX1-S25A were expressed in 
tobacco plants. It has previously been demonstrated that tobacco is an excellent plant 
model for assessing Ca2+/H+ antiport function because the morphological phenotypes 
which result from increased vacuolar Ca2+ loading, such as tip burning, are easily 
visualized (Hirschi, 1999; Shigaki et al., 2002). By contrast, the morphological 
differences when sCAX1 is expressed in Arabidopsis plants are quite subtle (Cheng et 
al., 2003). The tobacco cultivar KY160 line expressing 35S::sCAX1 was obtained from 
previous studies (Hirschi, 1999). In this study, 35S::CAX1 was expressed in tobacco 
cultivar KY160 and 35S::CAX1-T33A and 35S::CAX1-S25A were expressed in the 
tobacco cultivar KY14. Initially, it was determined that KY160 and KY14 were 
indistinguishable in the growth assays used here except for the difference in leaf colour 
and morphology (data not shown). Thus, the impact of the CAX1 variants could easily 
be compared without regard to the differences between KY160 and KY14. As mentioned 
previously, tobacco lines expressing sCAX1 were previously characterized (Hirschi, 
1999). This sCAX1 expressing line is representative of the multiple independent 
transgenic lines previously characterized. Here, at least 10 different transgenic tobacco 
lines expressing CAX1, CAX1-T33A or CAX1-S25A were obtained. Southern analysis 
was performed and it was determined that all transgenic tobacco lines analysed 
contained multiple insertions (data not shown). Expression of CAX1, CAX1-T33A, and 
CAX1-S25A was initially measured by reverse transcription PCR (data not shown). Two 
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independent transgenic lines expressing CAX1, CAX1-T33A, and CAX1-S25A with 
comparable expression levels to sCAX1 were confirmed by northern blot analysis 
(Figure 2.2; lines 1 and 2). Together, these observations suggested that the expression  
 
 
 
 
Figure 2.2 Expression of CAX1, CAX1-T33A, and CAX1-S25A in transgenic 
tobacco plants. 
 
sCAX1, CAX1, CAX1-T33A, and CAX1-S25A transcripts were detected by 
Northern blot analysis. Ten micrograms of total RNA from tobacco leaves were 
hybridized with the CAX1 cDNA probe. Ethidium bromide-stained rRNA (bottom 
panel) is shown as a loading control. 
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levels were similar and there was no dramatic copy number difference among the 
transgenic lines. With these preliminary observations, the CAX1, CAX1-T33A, CAX1-
S25A and sCAX1 expressing lines could confidently be compared and contrasted. 
Phenotypes of tobacco lines expressing CAX1 variants 
Once the appropriate transgenic tobacco lines were identified, phenotypes were 
compared among CAX1, sCAX1, and the variants previously characterized exclusively 
in yeast (Hirschi, 1999; Pittman et al., 2002a). As reported earlier, transgenic tobacco 
seedlings that constitutively express the deregulated sCAX1 display hypersensitivity to 
ion imbalances, such as increased Mg2+ and Na+ and depleted Ca2+ (Hirschi, 1999). As 
shown in Figure 2.3B, CAX1-T33A-expressing plants were extremely hypersensitive to 
Ca2+-depleted media in a manner similar to sCAX1-expressing lines. The growth of 
CAX1- and CAX1-S25A-expressing plants on the Ca2+-depleted media was comparable 
to vector control plants. In the Na+ tolerance growth assays, the same trend was 
observed. The sCAX1-expressing plants and CAX1-T33A-expressing plants were 
sensitive to the excess Na+ in the media while the CAX1-expressing plants and CAX1-
S25A-expressing plants were not (Figure 2.3C). In addition to the ion sensitivity, 
approximately 16% (6 out of 37) of the CAX1-T33A-expressing plants displayed the tip-
burning Ca2+-deficient symptom associated with sCAX1 expression; however, this was 
not as dramatic as seen in sCAX1-expressing lines which displayed 100% tip-burning 
symptoms (data not shown). In soil, all CAX1- and CAX1-S25A-expressing plants grew 
in a manner indistinguishable from vector control lines. 
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Figure 2.3 Ion sensitivity phenotypes of vector-, sCAX1-, CAX1-, CAX1-T33A-, 
and CAX1-S25A- expressing tobacco plants.  
 
Plants were transferred 14 d after germination to (A) standard media (0.5x MS), (B) 
standard media (0.5x MS) without Ca2+, and (C) standard media (0.5x MS) 
supplemented with 150 mM NaCl. All plants were then grown for 10 d. 
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Tonoplast Ca2+/H+ antiport activity from tobacco lines expressing CAX1 variants 
It has previously been shown that expression of sCAX1 increases tonoplast 
Ca2+/H+ activity at least 30% more in transgenic tobacco roots than in controls (Hirschi, 
1999). In addition, the increased Ca2+ accumulation was observed primarily in tobacco 
roots rather than leaves (Hirschi, 1999). As with the ion sensitivity phenotypes, tonoplast 
Ca2+/H+ transport activity among vector control, sCAX1-, CAX1-, CAX1-T33A-, and 
CAX1-S25A-expressing lines were compared. Tonoplast-enriched vesicles were 
prepared from roots of hydroponically grown transgenic tobacco lines. A steady proton 
gradient (acid inside vesicles) was established by activation of the Mg2+-ATP-dependent 
H+-ATPase. sCAX1-expressing vesicles showed significant Ca2+/H+ antiport activity. 
Vector-expressing vesicles showed very low Ca2+/H+ antiport activity. The CAX1-
T33A-expressing line had moderate Ca2+ uptake activity compared to that expressing 
sCAX1, and was approximately 64% of the sCAX1-expressing line (Figure 2.4). 
However, in the tonoplast vesicles prepared from CAX1-expressing and CAX1-S25A-
expressing lines, this uptake assay could not measure any higher Ca2+/H+ antiport 
activity than vector control (data not shown). The increase in Ca2+/H+ antiport activity 
was consistently measured only in the sCAX1- and CAX1-T33A-expressing lines.  
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Metal accumulation in tobacco lines expressing-CAX1 variants 
Calcium levels were measured in the transgenic tobacco roots to examine 
whether altered Ca2+/H+ antiport activity impacted the accumulation of Ca2+ in tobacco 
roots. As demonstrated previously (Hirschi, 1999), sCAX1-expressing plants 
accumulated approximately three times more calcium in root tissue than the vector 
control lines (Figure 2.5A). A slightly lower amount of calcium was accumulated in the 
CAX1-T33A-expressing plants as they contained approximately twice as much total 
calcium in roots as did the vector controls (Figure 2.5A). Meanwhile, the vector controls,  
 
 
Figure 2.4 Ca2+/H+ antiport activity in tonoplast vesicles from vector-, sCAX1- and 
CAX1-T33A-expressing tobacco root tissue.  
 
Time-courses of pH-dependent 10 µM 45Ca2+ transport into vacuolar membrane-
enriched vesicles prepared from tobacco roots expressing vector alone, sCAX1, or 
CAX1-T33A as indicated. Ca2+ transport was measured in the absence or presence 
of 5 µM protonophore gramicidin. All time-course experiments were performed in 
the presence of 1 mM Mg2+ATP. The Ca2+ ionophore A23187 (5 µM) was added 
after 12 min point and significantly dissipated Ca2+ accumulation mediated by 
Ca2+/H+ antiport when measured at the 22 min time point. One representative 
experiment of four experiments is shown. 
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CAX1- and CAX1-S25A-expressing plants contained similar calcium levels (Figure 
2.5A). These results are in general agreement with yeast ionome results presented earlier 
(Figure 2.1A). Comparison of other mineral profiles revealed that potassium, 
magnesium, and manganese in sCAX1- and CAX1-T33A- expressing tobacco line were 
 
Figure 2.5 Plant ionome. 
 
A) Concentration of calcium in vector-, sCAX1-, CAX1-, CAX1-T33A-, or CAX1-
S25A-expressing tobacco root tissue. B) Concentrations of other minerals in 
vector-, sCAX1-, CAX1-, CAX1-T33A-, or CAX1-S25A-expressing tobacco root 
tissue. Root tissue of hydroponically grown transgenic tobacco plants were 
harvested and dried. In (B), values were normalized to concentrations of vector-
control tobacco plants. Total mineral concentrations were determined by 
inductively coupled plasma atomic emission spectrophotometry. Data represents 
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increased more than 2-fold, while zinc and/or phosphorus content also increased 
substantially in the sCAX1- and CAX1-T33A-expressing lines (Figure 2.5B). Although 
concentrations of other minerals were slightly increased in the CAX1- and CAX1-S25A-
expressing plants, they were more similar to control plants (Figure 2.5B). 
Discussion 
Previously, yeast assays have been used to suggest that CAX1 is regulated by an 
N-terminal autoinhibitory domain. Here, it has been established that these yeast assays 
provide a robust platform for predicting activity of CAX1 variants in transgenic plants. 
As far as is known, this type of cross-platform evaluation of N-terminal autoinhibition of 
plant transporters has not been previously reported. Furthermore, for the first time, it has 
been confirmed that N-terminal-mediated regulation of a Ca2+ transporter occurs in 
planta.  
The yeast ionome: a new phenotype to characterize plant transporter function 
The ionome provides a rigorous tool to examine the elemental profiles of various 
samples, be it a plant tissue or a yeast colony (Lahner et al., 2003; Hirschi, 2003; Eide et 
al., 2005). Given that the expression of many plant transporters in yeast does not 
generate a visual phenotype, the reproducibility and cost of these yeast ionome assays 
affords a new phenotype to infer transport function. It has been demonstrated here that 
measuring the yeast ionome from cells expressing variants of the Arabidopsis CAX1 
transporter can be a rapid and reproducible inference of transporter function (Figure 2.1). 
For example, sCAX1 and CAX1-T33A expressing yeast cells both demonstrated high 
tonoplast Ca2+/H+ activity and accumulated significant higher cellular calcium, whereas 
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yeast cells expressing vector, CAX1 or the CAX1-S25A variant displayed negligible 
tonoplast Ca2+/H+ transport and lower total cellular calcium levels (Pittman et al., 2002a; 
Figure 2.1A). As the mutant yeast strain used is lacking the endogenous tonoplast 
Ca2+/H+ antiporter VCX1, this lack of detectable activity in the vector control and 
CAX1-/CAX1-S25A-expressing strains was expected. Previously, ion competition and 
metal-dependent proton transport studies were used to suggest that sCAX1 can transport 
Ni2+, and possibly Zn2+ but not Mn2+ (Shigaki et al., 2003, 2005). In these ionome 
studies sCAX1- and CAX1-T33A- expressing yeast cells also contained significantly 
increased levels of nickel, and zinc (Figure 2.1B). The increase of nickel and zinc in 
sCAX1- and CAX1-T33A-expressing lines is in an agreement with our published 
transport data (Shigaki et al., 2003, 2005; Figure 2.1B). In addition to nickel and zinc, 
magnesium and iron accumulated to higher levels than control in sCAX1-expressing and 
T33A-expressing yeast cells (Figure 2.1B). The increase of iron and magnesium could 
be an indirect result of increased Ca2+ transport. However, a previous yeast ionome study 
suggests that the homeostatic mechanisms that control the levels of different elements 
are interconnected. For example, changes in nickel levels correlate with changes of 
magnesium in the yeast ionome (Eide et al., 2005). Indeed, this could explain our 
observation that the increased magnesium in cells was correlated with increased nickel. 
While the increased levels of nickel and zinc in the sCAX1 and CAX1-T33A-expressing 
yeast cells were detectable, the much higher 4-fold increase in calcium in these cells 
confirms that sCAX1 is predominantly a Ca2+ transporter.  
  
36 
Phosphorus, potassium, and manganese levels did not significantly alter in the 
sCAX1- and CAX1-T33A-expressing yeast cells, yet following expression of these 
CAX1 variants in tobacco, these three metals were significantly increased. In addition, 
zinc and iron levels were slightly increased in these lines. Previous analysis has 
indicated that K+ is very poorly transported by sCAX1 (Park et al., 2005b) while Mn2+ 
and Fe2+ are not transported (Shigaki et al., 2003; J Pittman and K Hirschi, unpublished 
results), although sCAX1 does have some Zn2+ transport activity (Shigaki et al., 2005). 
Previously, increased levels of magnesium, zinc, iron, and manganese were observed in 
sCAX1-expressing tomato fruits, while phosphorus and potassium were not tested (Park 
et al., 2005b). This is generally consistent with the observations in sCAX1- and CAX1-
T33A-expressing tobacco, although the iron and zinc increases are more subtle in 
tobacco. This may be due to tissue–type differences. The increased accumulation of 
these metals in the transgenic tobacco plants could be an indirect effect of increased 
vacuolar Ca2+/H+ transport activity that may lead to perturbed cytosolic Ca2+ levels 
which, in turn, may regulate other metal transporters (Cheng et al., 2005). This result 
also highlights the differences that may exist between unicellular yeast and plants with 
regard to homeostatic regulation for certain metals. However, the trend in calcium 
content following expression of the various CAX1 constructs was identical between 
yeast and plant. Thus our experimental approach and results suggest that in heterologous 
expression studies, the yeast ionome profiles can be used as an initial indicator of 
Arabidopsis transporter function.  
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CAX1 N-terminal autoinhibition in planta 
It has been demonstrated here that transport activity of the full-length CAX1 
protein is regulated in transgenic plants compared with significant deregulated transport 
activity of the N-terminal truncated sCAX1 or the N-terminal point mutant CAX1-
T33A. It is suggested that, as in yeast, this down-regulation of Arabidopsis CAX1 is due 
to an autoinhibitory mechanism caused by protein conformation modification at the N-
terminus (Pittman et al., 2002a). As observed previously, high level expression of 
sCAX1 in tobacco causes Ca2+ deficiency-like phenotypes such as apical burning and 
hypersensitivity to ion imbalances that are due to excessive and deregulated Ca2+ 
transport into the vacuole by sCAX1 (Hirschi, 1999). When the sCAX1 plants are grown 
on Ca2+-depleted conditions, the enhanced vacuolar accumulation of trace concentrations 
of Ca2+ acquired by the plant prevent any Ca2+ being acquired to other cellular locations 
where it is essential. The sensitivity to Na+ stress is also due to cytosolic Ca2+ deficiency 
caused by excessive vacuolar Ca2+ accumulation (Hirschi, 1999; Cheng et al., 2004b). 
By comparison, CAX1 was relatively inactive when expressed in transgenic tobacco 
plants. For example, none of the Ca2+-deficient symptoms associated with sCAX1 
expression were seen in the CAX1-expressing plants (Figure 2.3). Furthermore, 
increased Ca2+/H+ activity was not detected from the vesicles isolated from the CAX1 
expressing transgenic roots (Figure 2.4). Thus, the presence of the N-terminal domain of 
CAX1 appeared to autoinhibit the protein and prevent Ca2+ transport activity in tobacco. 
This also suggests that, unlike when expressed in Arabidopsis, mechanisms are not 
present in tobacco to switch on the autoinhibited Arabidopsis CAX1 (see below). 
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Expression of the N-terminal mutated variants of CAX1 produced phenotypes in tobacco 
that correlated with their phenotypes in yeast cells. The CAX1-S25A variant, like 
CAX1, displayed no increased Ca2+/H+ activity when expressed in either yeast cells or 
tobacco plants (Figures 2.1, 2.2, 2.4). Conversely, expressing the CAX1-T33A variant 
produced phenotypes in both yeast and tobacco (Figure 2.3); however, direct 
measurement of Ca2+ transport activity of CAX1-T33A from the transgenic tobacco 
plants was lower than sCAX1 (64%) and the percentage of plants displaying apical 
burning was reduced (16%). Furthermore, the plants expressing-CAX1-T33A variants 
accumulated less total calcium than sCAX1 lines, but significantly higher levels than 
CAX1, CAX1-S25A, and vector lines (Figure 2.5A). Previous experiments in yeast 
found that substitution of Thr-33 with another residue (either Ala, Asp, Ser or Glu) 
caused a gain of transport activity, leading to the suggestion that this residue plays a role 
in the proposed autoinhibitory mechanism (Pittman et al., 2002a). While substitution of 
Ser-25 with Ala did not lead to a gain of transport activity, it has been shown previously 
that a Ser-25 to Asp substitution caused a gain of activity; hence it is proposed that this 
residue could be a candidate for phosphorylation as a mechanism to activate full-length 
CAX1 Ca2+/H+ antiport activity (Pittman et al., 2002a). Further analysis will be required 
to ascertain the exact functions of these CAX1 N-terminal domain residues. 
N-terminal autoinhibition is not unique to CAX transporters. For example, the 
plant autoinhibited Ca2+-ATPases (ACAs) also have an N-terminal autoinhibitory 
domain which is equivalent in structure and function to the C-terminal regulatory 
domain of animal calmodulin-stimulated Ca2+-ATPases (Hwang et al., 2000; Bonza et 
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al., 2004). Studies using a Ca2+-ATPase deficient yeast mutant have demonstrated that 
plant ACA pumps can functionally complement the mutant only if the N-terminal 
calmodulin binding/autoinhibitory domain is deleted or if single residues required for 
autoinhibition have been mutated (Baekgaard et al., 2005). It is clear that calmodulin can 
stimulate Ca2+-ATPase activity in membrane fractions isolated from plants, and it has 
also been demonstrated that a peptide corresponding to the autoinhibitory domain of 
ACA8 can inhibit Ca2+-ATPase activity of a truncated form of the pump in membrane 
fractions from Arabidopsis suspension cells (Luoni et al., 2004). However, the ACA 
studies have not been extended by functionally expressing the deregulated ACA clones 
in a plant system to examine this autoinhibition in planta, while our work suggests that 
removal, or modification, of the CAX1 N-terminal domains will activate these 
transporters when expressed in the plant.  
Several signalling molecules have been implicated in regulating plant 
transporters (Hwang et al., 2000; Cheng et al., 2004a). Calmodulin binding to the N-
terminus of ACA2 causes activation, whereas the pump can be inhibited by a Ca2+-
dependent protein kinase (Hwang et al., 2000). With the CAX transporters similar 
models have been posited where various regulators, such as the protein kinase SOS2, 
may either activate or repress transporter function (Cheng et al., 2004a, b). Our work 
here suggests the presence of functional N-terminal autoinhibitory domains in planta and 
by extension the cognate signalling molecules. These results may also suggest that the 
regulatory CAX1 activating proteins, which do not appear to be conserved in yeast, may 
likewise not be conserved amongst plant species, otherwise it might have been expected 
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that expression of full-length CAX1 in tobacco would provide transport activity. It will 
be interesting to test in the future whether co-expression of CAX1 and an activator 
protein in tobacco causes an increase in Ca2+ transport activity. Our working hypothesis 
therefore is that high level expression of these regulatory modules is an additional means 
of altering transport function.  
Applications for plant improvement 
 Previous studies have demonstrated that expression of the Arabidopsis Ca2+/H+ 
antiporter sCAX1 can be used to increase Ca2+ content in several important crops (Park 
et al., 2004, 2005a, b). In tomatoes, tempering sCAX1 expression levels by using a 
weaker promoter resulted in more fruit calcium and a prolonged shelf life, while only 
modestly compromising plant growth and development (Park et al., 2005b). These 
advantageous alterations in tomato plant growth suggest that further modulation of the 
expression and activity of a Ca2+/H+ transporter can be used to enhance crop growth. For 
example, expression in tomatoes of CAX4, which appears to have weaker Ca2+/H+ 
antiport activity than sCAX1, provided a modest increase in the calcium content without 
deleterious phenotypes (Park et al., 2005b). The data presented here suggest that, rather 
than altering expression levels, the N-terminal autoinhibitory domain can be modified to 
modulate activity. Modifications like the CAX1-T33A mutation in CAX1 could provide 
important tools for calcium fortification. These variants remain active and thus have 
higher levels of calcium accumulation (Figure 2.5), but less deleterious effects such as 
the apical burning associated with sCAX1 expression. Our long-range goal is to engineer 
CAX variants which are active but produce no deleterious phenotypes.  
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Conclusion 
The N-terminal autoinhibition in the Ca2+/H+ transporter CAX1 has been 
intensively documented using yeast assays. In this study, these studies have been 
extended to show that N-terminal autoinhibition does indeed occur in planta. These 
findings provide a general platform to modify plant transporter activity. 
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CHAPTER III 
ROOT DEVELOPMENT UNDER METAL STRESS IN ARABIDOPSIS THALIANA 
REQUIRES THE H+/CATION ANTIPORTER CAX4* 
 
Introduction 
Inorganic cations play crucial roles in many cellular and physiological processes 
in plants and are essential components of plant nutrition (Taiz and Zeiger, 2006).  
Therefore, the uptake of cations and their redistribution must be precisely controlled to 
maintain normal physiology and to respond to endogenous and exogenous stimuli in a 
timely manner.  Vacuolar antiporters are important elements in mediating the 
intracellular sequestration of cations (Busch and Saier, 2002).  These antiporters are 
energized by the proton gradient across the vacuolar membrane and allow the rapid 
transport of cations into the vacuole.  Among such vacuolar antiporters, CAXs (for 
CAtion eXchanger) have been shown to be involved in a multitude of cellular responses 
(Shigaki and Hirschi, 2006).  However, the role of individual transporters in specific 
cellular processes has not been completely defined. 
The primary cation substrate of CAXs is thought to be Ca2+.  Ca2+ acts as a 
secondary messenger in many cellular processes, including hormone-mediated signaling 
(Cunningham and Fink, 1994; White and Broadley, 2003).  CAX-mediated calcium and 
____________ 
*This chapter is reprinted with permission from “Root development under metal stress in 
Arabidopsis thaliana requires the H+/cation antiporter CAX4” by Mei H., Cheng N.H., 
Zhao J., Park S., Escareno R.A., J.,Pittman, J.K., and Hirschi, K.D. (2009). New 
Phytol. © 2009 with kind permission from Wiley-Blackwell.  
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metal transport may impact signaling events (Hirschi, 2004; Shigaki and Hirschi, 2006; 
McAinsh and Pittman, 2009).  For example, with regard to auxin, the modulation of 
cation levels is required for aspects of auxin metabolism and signaling (Felle, 1994; 
Gehring et al., 1990; Magidin et al., 2003; Rampey et al., 2006) that controls normal 
development of roots (Muday and Haworth, 1994; Woodward and Bartel, 2005; Wu et 
al., 2007).  In addition, there is evidence that Ca2+ plays a role in PIN-FORMED (PIN) 
transporter-mediated auxin efflux activity. The PIN regulator PINOID (PID), a protein 
kinase, interacts with Ca2+-calmodulin and appears to be negatively regulated by Ca2+-
calmodulin (Benjamins et al., 2003). Thus, it appears reasonable to postulate that CAXs, 
particularly those expressed in roots, are involved in auxin signaling and metabolism. 
In Arabidopsis, there are six CAXs, CAX1 through CAX6 (Shigaki et al., 2006).  
Members of the Arabidopsis CAX gene family, such as CAX1, CAX2, and CAX3 have 
been characterized at both the molecular and whole plant level (Hirschi et al., 1996; 
Cheng et al., 2003, 2005; Pittman and Hirschi, 2001; Pittman et al., 2002, 2004; Shigaki 
et al., 2003).  CAX1 was identified by its ability to suppress the Ca2+ sensitivity of a 
yeast mutant strain lacking vacuolar Ca2+ transport activity (Hirschi et al., 1996).  CAX1 
is a low affinity and high capacity Ca2+/H+ antiporter, but CAXs may have a wide 
substrate range (Hirschi, 1999; Shigaki et al., 2003; Pittman et al., 2004; Korenkov et al., 
2007b; Edmond et al., 2009).  CAX3 is 77% identical at the amino acid level to CAX1 
and along with CAX4 is the most closely related gene to CAX1 (Shigaki and Hirschi, 
2000; Shigaki et al. 2006).  In Arabidopsis, CAX1 is highly expressed in leaf tissue, and 
modestly expressed in roots, stems, and flowers (Cheng et al., 2005).  The cax1 
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knockout lines exhibit a 50% reduction in total vacuolar Ca2+/H+ antiport activity, 
despite up-regulation of CAX3 and CAX4, and alterations in vacuolar Ca2+-ATPase 
activity, but the phenotypes of CAX1 deletion on plant growth are subtle (Cheng et al., 
2003).  However, when deregulated N-terminal truncated CAX1 (sCAX1) was 
ectopically expressed in tobacco, the plants displayed dramatic Ca2+ deficiency 
phenotypes, such as tip burning and increased sensitivity to cation imbalances (for 
review, see Shigaki and Hirschi, 2006).  Meanwhile, CAX3 is expressed mainly in 
Arabidopsis roots and flowers.  The cax3 knockout lines display altered Na+, Li+, and 
low pH sensitivity (Zhao et al., 2008).  However, when CAX3 was expressed in tobacco, 
no visible phenotypes were observed (Shigaki et al. 2002).  CAX4 has been partially 
biochemically characterized by heterologous expression in yeast and tobacco to 
determine cation transport characteristics (Cheng et al., 2002; Korenkov et al., 2007a, 
2007b).  Expression of full-length CAX4 in tobacco demonstrated that it can mediate 
proton-coupled Cd2+, Ca2+, Zn2+ and Mn2+ transport, with highest transport activity for 
Cd2+ (Korenkov et al., 2007b).  A yeast-based assay has been informative to elucidate 
the function of CAX4.  For example, when expressed in yeast, mutated variants of 
CAX4 can transport Ca2+ and Cd2+, while addition of the hemagglutinin (HA) epitope 
tag fused at the N-terminus of CAX4 activates this Ca2+/ H+ transporter (Cheng et al., 
2002; Park et al., 2005). HA-CAX4 is localized on the vacuolar membrane in both yeast 
and plant cells (Cheng et al., 2002). Thus we hypothesize that CAX4 is predominantly a 
vacuolar Ca2+ transporter under physiological conditions but can efficiently transport 
Cd2+ when exposed to this metal. 
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Unlike CAX1 and CAX3, CAX4 is expressed at very low levels in most tissues 
(Cheng et al., 2002).  Given this weak CAX4 expression, we initially postulated that 
CAX4 phenotypes would be difficult to ascertain.  However, CAX4 is moderately 
expressed in roots (Cheng et al., 2002).  With this relatively root-specific expression of 
CAX4 in mind, we were interested to investigate the role of this gene in Arabidopsis root 
development to reveal specific functions of vacuolar Ca2+/H+ transporters in plant growth 
and development. 
In this study we dissect the function of CAX4 in planta.  We show the expression 
pattern of CAX4 in Arabidopsis roots and identify stimuli which modulate gene 
expression.  We report the isolation of plants perturbed in CAX4 expression and some of 
the phenotypes associated with altered expression.  Collectively, these findings offer 
insights into the physiological function of CAX4 in root development and stress 
responses.  
Materials and Methods 
Plasmid DNA constructs and plant transformation 
To make a transcriptional fusion to the GUS reporter gene, the CAX4 promoter 
region 740 bp upstream of the ATG start codon was amplified from Arabidopsis 
genomic DNA by PCR using the following primers: forward primer 5’-
GCCAAGCTTGGGAGGCCTAAAGCAAATCAC-3’ and reverse primer 5’-
GCCGGATCCCTTCTTCGTTGACTCTCTTTG-3’ and cloned into the pBI121 vector 
to replace the cauliflower mosaic virus 35S promoter. 
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The CAX4 and triple HA epitope-tagged CAX4 (HA-CAX4) cDNA constructs 
have been previously described (Cheng et al., 2002).  CAX4 and HA-CAX4 were 
subcloned into the plant expression vector pBI121 by replacing the -glucuronidase gene, 
which is driven by a cauliflower mosaic virus 35S promoter. 
For modification of CAX4 expression by RNAi, a 1.2 kb- cDNA from CAX4 was 
used.  This cDNA fragment was amplified by PCR using the following primer paris: 
forward primer 5’-GCGTTAATTAAGGCGCGCCGGAAGAGATCGGATCTGAAA-3’ 
and reverse primer 
5’GCGGGATCCATTTAAATGCAATGAGCAGCATCACGAAGCTC-3’.  The 
forward primer contained PacI and AscI restriction site and the reverse primer contained 
BamHI and SwaI site.  This CAX4 fragment was cloned into the pFGC5941 binary 
vector (Kerschen et al., 2004) in both sense and antisense orientations and used to 
transform wild type (Columbia ecotype) plants. 
The recombinant plasmids, the CAX4 RNAi construct, and empty vector controls 
were transformed into Agrobacterium tumefaciens GV3101 (Sambrook et al., 1989) or 
LBA4404 (Invitrogen, CA, USA).  These strains were used to transform Arabidopsis 
Col-0 using the floral dip method (Clough and Bent, 1998). Transgenic tobacco 
(Nicotiana tabacum cv KY14) overexpressing CAX4 were previously described 
(Korenkov et al., 2007a, 2007b).  
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Histochemical assay of GUS gene expression 
Histochemical assays for -glucuronidase (GUS) activity in the T3 generation of 
Arabidopsis transgenic plants harboring CAX4::GUS were performed according to the 
protocol described previously (Cheng et al., 2003). 
Isolation of cax4 and creation of CAX4 RNAi lines 
To isolate a cax4 null allele, the line SM_3.16922, carrying a dSpm transposon 
insertion in CAX4 (ecotype Col-0) was obtained from the SLAT collection (Sainsbury 
Laboratory Arabidopsis thaliana Transposants) (Tissier et al., 1999).  Homozygous 
plants from T3 generation were obtained by PCR screening using CAX4-specific (P1 and 
P2) and dSpm-sepcific (P3) primers, the dSpm-sepcific primer, P3, 5’-
TACGAATAAGAGCGTCCATTTTAGAGTGA-3’, and the CAX4 reverse primer, P2, 
5’-TGATACCCTTAAACATAACTTACCTTTTCGT-3’, were used to screen for the 
cax4-1 allele. The CAX4 forward primer, P1, 5’-
AATTGTTGGTAATGCAGCTGAGCAT-3’, and the CAX4 reverse primer (as above), 
were used to amplify the wild-type CAX4 gene. Two sets of CAX4 specific primers were 
used in RT-PCR to confirm lack of transcript in the cax4-1 allele:  the CAX4 set 1 
forward primer, CAX4F1, 5’- ATCGGCGTCGTCGTTGATAAGGAA-3’, and the 
CAX4 set 1 reverse primer, CAX4R1, 5’- ACAGCGCCAGATACAACAACATGC-3’; 
the CAX4 set 2 forward primer, CAX4F2, 5’- GCATGTTGTTGTATCTGGCGCTGT-
3’, and the CAX4 set 2 reverse primer, CAX4R2, 5’- 
CAGCATGCTCAGCTGCATTACCAA-3’. 
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Northern blot analysis 
For Northern blot analysis, total RNA was extracted from transgenic Arabidopsis 
and tobacco flowering plants overexpressing CAX4, blotted and hybridized with 32P-
labeled CAX4 gene specific probes as previously described (Cheng et al., 2003). 
Western blot analysis 
For Western blot analysis, total microsomal protein was extracted from 
transgenic Arabidopsis overexpressing HA-CAX4 and wild type Arabidopsis (Randall et 
al., 1986). Immunoblot analysis was preformed and the HA epitope was detected as 
described previously (Pittman and Hirschi, 2001).  
Plant materials and growth conditions 
Arabidopsis Col-0 was used in this study.  Wild-type, cax4-1, CAX4 RNAi and 
cax4-1/HA-CAX4 seeds were surface sterilized, germinated, and grown on the one half-
strength MS medium (Murashige and Skoog, 1962).  All plates were sealed with paper 
surgical tape and incubated at 22°C under continuous cool-fluorescent illumination.  For 
the ion sensitivity assays, five-day-old Arabidopsis wild type, cax4-1, CAX4 RNAi and 
cax4-1/HA-CAX4 seedlings grown under normal conditions were transferred onto the 
half-strength MS media and the half-strength MS media supplemented with various 
metal ions.  The ion sensitivity assay for the transgenic tobacco plant was preformed as 
previously described (Hirschi, 1999). 
Preparation of membrane vesicles and transport measurements 
For the measurement of Ca2+ uptake, vacuole-enriched membrane vesicles were 
prepared from root tissue obtained from two-week-old Col-0, cax1-1 and cax1-1/CAX4 
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plants cultured in Gamborg’s B5 medium and pretreated with 100 mM CaCl2 for 18 
hours before harvest. Membrane vesicles preparation and Ca2+ uptake assay were 
performed as described previously (Hirschi, 1999; Cheng et al., 2003) 
Results 
CAX4 expression in Arabidopsis roots 
RT-PCR analysis indicates that CAX4 transcripts can be detected in all 
Arabidopsis tissues analyzed, including stems, flowers, leaves, siliques and roots (Cheng 
et al., 2002).  However, the expression of CAX4 is the highest in root tissue.  This root-
specific expression for CAX4 is also observed in publically available microarray data.  
To further study the expression pattern of CAX4 in roots, histochemical analysis of 
transgenic plants harboring the CAX4::GUS reporter was performed.  A 740 bp fragment 
containing the CAX4 promoter was fused to the GUS gene.  The CAX4::GUS construct 
was introduced into wild-type Arabidopsis plants and GUS activities of T3 plants were 
analyzed at different root growth and developmental stages.  At a very early stage (one 
day after germination), the GUS signal was detected in root tip as well as hypocotyls and 
the base of cotyledon (data not shown).  Three days after germination, the GUS signal 
was visualized in the primary root apex and lateral root primordium (Figure 3.1).  When 
seedlings were grown on MS media, the CAX4::GUS signal was weak (Figure 3.1), 
which is consistent with previous findings (Cheng et al., 2002).  However, when 
seedlings were exposed to elevated levels of Ni2+, Mn2+, or depleted of Ca2+, the 
CAX4::GUS signal was enhanced in the primary root apex, in the lateral root 
primordium, and in the primary root elongation zone.  These same conditions also  
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Figure 3.1  CAX4 expression in Arabidopsis roots. 
 
a. CAX4 promoter::GUS expression in transgenic Arabidopsis roots. a. CAX4::GUS 
expression in 7-d-old seedlings. Note the preferential GUS staining in the root 
meristem. b. GUS staining in the primary root apex, lateral root primordia, and the 
lateral root under Ca2+ depleted condition. c. GUS staining in the primary root apex, 
lateral root primordia, and the lateral root elongation zone after treatment with 2 
mM Mn2+. d. GUS staining in the primary root apex, lateral root primordia, and the 
lateral root elongation zone after treatment with 0.1 mM Ni2+. e. GUS staining in 
the primary root apex, lateral root primordia, and the lateral root elongation zone 
after treatment with 20 nM IAA.  All stress conditions were administered for 2 
days. f. CAX4 transcripts were detected by RT-PCR in total RNA from roots of wild 
type seedlings treated for 2 days with the following conditions: ½ MS media, ½ 
MS+2 mM Mn2+, ½ MS+0.1 mM Ni2+, depletion of Ca2+ from ½ MS, and ½ 
MS+25 nM IAA, respectively. Top panel in f, a 414-bp CAX4-specific fragment 
was amplified by RT-PCR. Bottom panel in f, a 457-bp ACTIN fragment was 
amplified by RT-PCR as an internal control. The numbers indicate the relative 
intensities of PCR bands in percentages as compared with control (grown on ½ MS 
as a control). 
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increased CAX4 expression in the lateral root apex and throughout the lateral roots 
(Figure 3.1).  Cd2+ treatment did not enhance CAX4::GUS levels.  In addition, 
exogenous IAA induced the CAX4::GUS expression in the primary root apex and lateral  
root elongation zone (Figure 3.1). RT-PCR analysis confirmed the GUS results, these 
experiments were performed using RNA extracted from roots of wild type plants that 
were grown on the same metal and hormone treatments for which the CAX4::GUS 
expressing plants were tested (Figure 3.1f).  
Identification of a CAX4 mutant allele and CAX4 RNAi lines 
To investigate the physiological function of CAX4 in planta, we used a 
transposon insertion line, SM_3.16922.  The transposon insertion was confirmed by 
PCR with a combination of gene-specific (P1 and P2) and transposon-specific primers 
(P3) as shown in Figure 3.2a.  A homozygous line was isolated by PCR analysis and was 
termed cax4-1.  The cax4-1 line contains the transposon insertion in the 8th intron, 2226 
nucleotides downstream of the start codon of the CAX4 gene (Figure 3.2a).  RT-PCR 
was performed to determine the CAX4 transcript levels in cax4-1.  As shown in Figure 
2b, no detectable CAX4 expression was observed in the cax4-1 plants, indicating the 
expression of CAX4 was completely disrupted by the transposon insertion. Because only 
one cax4 line was obtained, we generated Arabidopsis lines harboring RNA interference 
(RNAi) constructs for CAX4 to down-regulate its expression.  The effect of the RNAi on 
CAX4 transcript accumulation was assessed by RT-PCR.  Two RNAi lines with clearly 
decreased expression of CAX4 were employed for further studies (Figure 3.2d). Lines of 
cax4-1 expressing the deregulated version of CAX4 (HA-CAX4) (Cheng et al., 2002)  
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Figure 3.2 Analysis of a cax4 knockout allele and CAX4 RNAi lines.  
 
a. Diagram of the CAX4 gene depicting the site of the transposon insertion. The 
approximately 3kb of genomic CAX4 DNA is represented by 11 introns (lines) and 
12 exons (boxes). The triangle indicates the sites of the transposon location. b. RT-
PCR analysis of CAX4 expression in wild-type and cax4-1.  c. RT-PCR and Western 
analysis of CAX4 expression in wild-type and cax4-1/HA-CAX4 lines.  d. RT-PCR 
analysis of CAX4 expression in wild-type, CAX4 RNAi-1, and CAX4 RNAi-2.  Total 
RNA was extracted from the roots of 3-week-old wild-type, cax4-1, cax4-1/HA-
CAX4, CAX4 RNAi-1, and CAX4 RNAi-2 seedlings.  Top panel in b and d, a 520-bp 
CAX4-specific fragment was amplified by RT-PCR. Middle panel in b, a 430-bp 
CAX4-specific fragment was amplified by RT-PCR. Bottom panel in b, c, and d, a 
457-bp ACTIN fragment was amplified by RT-PCR as an internal control. Total 
microsomal proteins were extracted from 3-week-old wild type and cax4-1/HA-
CAX4 seedlings.  Top panel in c, a band around 49 kD, which is the expected protein 
size of CAX4, was detected. Bottom panel in c, the Coomassie Blue G-250 
(Invitrogen) stained protein gel was shown as the loading control.   
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were also generated so that any CAX4 loss-of-function phenotype could be rescued.  
Three transgenic lines (cax4-1/HA-CAX4) harboring HA-CAX4 under the control of the 
CaMV 35S promoter were generated.  The high level of HA-CAX4 expression in cax4-1  
was confirmed using both RT-PCR and Western blot analysis using an antibody against 
the HA epitope (Figure 3.2c). 
Defects in cax4 root development under stress conditions  
We examined cax4-1 and CAX4 RNAi transgenic lines under a wide range of 
conditions comparing their growth and development to controls.  Given that cations 
modified CAX4 expression, we tested cax4-1 and CAX4 RNAi transgenic lines on Ca2+ 
depleted, Ni2+, Cd2+, Ca2+ or Mn2+ containing medium.  When cax4-1 and CAX4 RNAi 
plants were germinated and grown on Cd2+ and Mn2+ media, altered root growth and 
development was observed in the cax4-1 and CAX4 RNAi lines compared to wild type 
(Figure 3.3b).  Under these conditions, the cax4-1 and CAX4 RNAi seedlings were much 
smaller than control seedlings.  Both primary root length and lateral root number were 
significantly reduced (Figure 3.3a).  The most severe phenotype of cax4-1 was observed 
on Cd2+ medium, where the development of lateral roots was almost completely 
disrupted (reduced 70% compared to wild type on 2µM Cd2+) (Figure 3.3b).  In addition, 
on the Cd2+ containing medium, the cotyledons of the cax4-1 and CAX4 RNAi seedlings 
became yellow and a marked reduction in chlorophyll was observed (Figure 3.3).  On 
Ca2+ depleted medium, Ni2+- or Ca2+-containing medium, the growth and development 
of cax4-1 and CAX4 RNAi transgenic lines were similar to control plants. Likewise, 
when grown on soil, no differences from controls were observed (data not shown).  In all 
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Figure 3.3 Ion sensitivity of cax4-1 and cax4-1/HA-CAX4 seedlings.  
 
a.  In each panel, four wild-type plants are shown on the left, four cax4-1 plants are 
shown in the middle, and four cax4-1/HA-CAX4 plants are shown on the right. All 
photographs are representative of >100 plants grown in each condition. Top panel, 
seeds were germinated on ½ MS medium and grown for 10 d. Middle panel, seeds 
were germinated on ½ MS containing 2 M Cd2+ and grown for 10 d. Bottom 
panel, seeds were germinated on ½ MS containing 5 M Cd2+ and grown for 10 d. 
b. Root growth measurements. Primary roots and lateral roots of seedling grown on 
the ½ MS containing 2 M Cd2+, 5 µM Cd2+ or 0.5 mM Mn2+ were measured and 
counted after 10 d.  Error bars represent standard error of the means (n12). cax4-1 
had significantly shorter primary roots on 0.5 mM Mn2+ (P0.0003),  2 M Cd2+  
(P0.0001) or 5 µM Cd2+ (P0.003) and fewer lateral roots than wild type on 0.5 
mM Mn2+ (P0.0001),  2 M Cd2+  (P0.005) or 5 µM Cd2+ (P0.0001) in two-
tailed t-tests assuming unequal variance.  The CAX4 RNAi line also had 
significantly shorter primary roots on 0.5 mM Mn2+ (P0.0001),  2 M Cd2+  
(P0.0001) or 5 µM Cd2+ (P0.009) and fewer lateral roots than wild type on 0.5 
mM Mn2+ (P0.0001),  or 5 µM Cd2+ (P0.0006) in two-tailed t-tests assuming 
unequal variance. 
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cases where cax4-1 growth was perturbed, expression of HA-CAX4 was able to restore 
the growth changes that were attributed to reduced CAX4 expression (Figure 3.3a). 
CAX4 expression in cax1-1 mutant plants partially restores Ca2+/H+ antiport activity 
To determine whether CAX4 functions in Arabidopsis Ca2+ transport, CaMV 
35S::CAX4 was expressed in cax1-1 mutant plants.  This mutant background is ideal for 
measuring vacuolar Ca2+/H+ antiport activity because the mutant lines have 50% less 
activity than control plants (Cheng et al., 2003).  Consistent with our previous findings, 
the vacuolar Ca2+/H+ antiport activity of cax1 membrane vesicles was decreased by 61% 
compared to wild type controls (Figure 3.4).  In contrast, the cax1-1 lines expressing 
CaMV 35S::CAX4 displayed only a 33% decrease in vacuolar H+/Ca2+ antiport activity 
(Figure 3.4). 
Expression of CAX4 in transgenic Arabidopsis and tobacco induces ion sensitivity 
We postulate that CAX4 has similar biochemical functions to CAX1 in plants.  
To investigate this possibility, we compared the phenotypes of plants expressing CAX4 
with those expressing sCAX1 from previous studies (Hirschi, 1999; Cheng et al., 2003).  
We used independently transformed tobacco and Arabidopsis plants, which expressed 
high levels of CAX4 under the control of the CaMV 35S promoter.  As shown in Figure 
3.5a and 3.5c, expression of CAX4 in five independent transgenic tobacco and four 
independent Arabidopsis lines was confirmed by Northern blot and the lines with highest 
expression (tobacco T1-35 and Arabidopsis F3-5-8) were used for further studies.  As 
described earlier, constitutive expression of the deregulated sCAX1 in tobacco plants 
causes dramatic changes in plant growth and stress responses (Hirschi, 1999).  The same 
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conditions that were previously tested for sCAX1-expressing tobacco plants were used in 
this study to assay CAX4-expressing transgenic tobacco lines.  The CAX4-expressing  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Ca2+ uptake into vacuole enriched membrane vesicles from Ca2+ treated 
wild-type (squares), cax1-1(circles), and cax1-1/CAX4 (triangles) root tissues. 
 
Time courses of Ca2+ uptake by Mg2+-ATP–energized vacuole-enriched membrane 
were determined in the presence of 0.1 mM NaN3, 10 mM KCl, 1 mM ATP, and 10 
M 45Ca2+. pH-dependent Ca2+/H+ antiport activity was confirmed by adding 5 M 
carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP) in uptake reaction 
as a negative control and net H+/Ca2+ antiport activity was shown after the 
subtraction of the FCCP background values.  The Ca2+ ionophore A23187 (5 µM) 
was added after 12 min point and dissipated Ca2+ accumulation mediated by Ca2+/H+ 
antiport when measured at the 22 min time point. All results are means ± SE of 
experiments from three independent membrane preparations. 
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tobacco lines, like sCAX1-expressing lines, showed apical burning and necrotic lesions 
on their leaves in media containing Mg2+, Mn2+ or depleted of Ca2+ (Figure 3.5b).  These 
growth conditions did not affect the controls. Arabidopsis lines expressing CaMV 
35S::CAX4 also showed severe necrotic lesions in leaves when grown in the presence of 
increased levels of Mg2+ (Figure 3.5d).  Previous studies have demonstrated that adding 
Ca2+ ameliorates the toxicity of Mg2+ in the medium in sCAX1-expressing tobacco lines 
(Hirschi, 1999).  In the similar manner, the increased sensitivity of CAX4-expressing 
tobacco or Arabidopsis plants was alleviated with the addition of Ca2+ (Figure 3.5b and 
3.5d). 
cax4 is more sensitive to exogenous auxin 
 
CAX4 is highly expressed in areas of the root where auxin may influence growth 
and development.  Furthermore, plants altered in CAX1 expression have altered auxin 
perception phenotypes (Cheng et al 2003).  We thus sought to address the role of CAX4 
in auxin mediated root growth.  Figure 3.6 shows that the root elongation of cax4-1 
plants was inhibited by indole-3-acetic acid (IAA) and by synthetic auxin 2,4-
dichlorophenoxyacetic acid (2,4-D) in plants (data not shown).  The inhibition of root 
elongation was more pronounced in cax4-1 lines than CAX4 RNAi lines.  In all cases, 
expression of HA-CAX4 caused cax4-1 line to grow in a manner indistinguishable from 
controls (Figure 3.6). These cax4 phenotypes appeared to be auxin specific.  We tested 
the cax4-1 line and CAX4 RNAi lines on media containing cytokinin, gibberellins, 
abscisic acid or brassinolides, and no visible growth differences were observed between 
cax4-1 and control plants (data not shown). 
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Figure 3.5 Expression of CAX4 in transgenic plants and ion sensitivity of CAX4-
expressing plants. 
 
a and c. Ten micrograms of total RNA extracted from fully expanded leaves of 6-week-old 
T2 tobacco plants or 2-week-old Arabidopsis plants was analyzed by RNA gel blotting. 
The blot was hybridized with the CAX4 cDNA probe. Ethidium bromide–stained rRNA 
before transfer is shown at bottom. b. Two vector plants are shown at left and two CAX4-
expressing tobacco plants (35S::CAX4) at right. 10-day-old tobacco seedlings grown in ½ 
MS media and transferred to ½ MS or ½ MS containing the following metals: Mg2+, Mn2+,  
K+,  Na+,  Ca2+,  Cd2+ or Ca2+ depletion (concentrations of metals are indicated in figure) 
and grown for 10 days.  d. Two vector control plants are shown at left and CAX4-
overexpressing Arabidopsis plants (35S::CAX4) plants at right. 5-day-old Arabidopsis 
plants transferred to ½ MS media or  ½ MS containing different metals (concentrations of 
metal are indicated in figure) and grown for 5 days. 
 
  
60
 
 
 
 
Figure 3.6  Root elongation inhibition by exogenous auxin.  
 
a. In each panel, three wild-type plants are shown on the left, three cax4-1 plants are shown in the middle, and three 
cax4-1/HA-CAX4 plants are shown on the right. All photographs are representative of >100 plants grown in each 
condition. a. Top panel, seeds were germinated on ½ MS medium and grown for 10d. Middle panel, seeds were 
germinated on ½ MS and grown for 6 days, then transferred to ½ MS containing 50 nM IAA  and grown for 4 d. b. Root 
growth measurements. Primary roots and lateral roots of seedling grown on the ½ MS containing 50 nM IAA were 
measured and counted after 4 days. Error bars represent standard error of the means (n14). cax4-1 had significantly 
shorter primary roots (P0.001) and less lateral roots (P0.001) than wild type in two-tailed t-tests (assuming unequal 
variance). 
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To determine if the growth inhibition in cax4 is due to the altered auxin 
responses, histochemical analysis of the DR5::GUS auxin reporter in wild type and cax4 
roots was performed.  DR5 is a synthetic auxin-responsive promoter that consists of a 7X 
repeat of the ARF site (AuxRE) from the soybean GH3 promoter and a CaMV 35S 
minimal promoter fused to the GUS-encoding reporter gene (Ulmasov et al., 1997).  In 
Arabidopsis, DR5::GUS is sensitive to auxin in a dosage dependent manner, and its 
DR5::GUS signal was restricted to the root apical meristem, quiescent center and the 
provascular tissue in both wild type and cax4-1 plants (Figure 3.7).  When exposed to 
exogenous IAA or 2,4-D for 24 hours or 48 hours, DR5::GUS expression in wild type 
was increased (Ulmasov et al., 1997; Sabatini et al., 1999, Fig. 7a), while, in the cax4-1 
line, DR5::GUS expression was unchanged (Figure 3.7a). This result suggests that 
CAX4 may be required for auxin responses of DR5::GUS expression. However, there is 
possibility that effects of altered CAX4 levels on DR5::GUS expression are indirect 
through CAX4-mediating metal ion sequestration.  To test whether metals are involved in 
these auxin responses, the DR5::GUS expressions were examined under different metal 
treatments.  Interestingly, when grown on the media containing Cd2+, DR5::GUS 
expression in wild type was increased after 24 hours (data not shown) and 48 hours Cd2+ 
treatment (Figure 3.7b).  In contrast, other metals tested including K+, Na+, Mg2+, Mn2+, 
Ni2+, or Ca2+, did not effect the DR5::GUS expression in wild type (data not shown). 
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Figure 3.7  DR5::GUS assay for auxin responses and Cd2+ responses. 
 
a. DR5::GUS assay for auxin responses in cax4 allele.  Top panel: wild type 
DR5::GUS seedlings and cax4-1 DR5::GUS seedlings were grown on ½ MS media 
for 12 days before stained for GUS activity. Bottom panel: wild type DR5::GUS 
seedlings and cax4-1/DR5::GUS seedlings were grown on ½ MS media for 10 days 
then transferred to ½ MS media containing 50 nM IAA for 2 days before stained for 
GUS activity.  b. DR5::GUS assay for Cd2+ responses in wild-type plants. Top panel: 
wild type DR5::GUS seedlings were grown on ½ MS media for 12 days before 
stained for GUS activity. Bottom panel: wild type DR5::GUS seedlings were grown 
on ½ MS media for 10 days then transferred to ½ MS media containing 5 µM Cd2+ 
for 2 days before stained for GUS activity.  
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Discussion 
The Arabidopsis genome contains six CAX transporter genes (Shigaki et al., 
2006).  To address the functional diversity and physiological role of these transporters, 
we have further characterized CAX4.  In this study, we have demonstrated that CAX4 is 
required for root growth and development under metal stress conditions. In particular, 
we have demonstrated that CAX4 is specifically expressed in the primary root apex and 
lateral root primordia from early stages through post-emergence development under 
normal growth conditions (Figure 3.1).  CAX3 is also highly expressed in root tips and 
the root elongation zone but its expression is not root-specific (Cheng et al., 2005).  
Expression profiles of CAXs from rice (Oryza sativa) suggest that none of the five 
OsCAXs is exclusively expressed in roots (Kamiya et al., 2005; 2006).  Although 
expression of CAX4 is relatively low, it is modulated by environmental conditions.  The 
CAX4::GUS signal was highly induced by Ni2+ and Mn2+ in the root apex and 
throughout the whole lateral roots (Figure 3.1).  Contrary to CAX1 and CAX3, whose 
expressions are up-regulated by exogenous Ca2+ (Hirschi, 1999; Shigaki and Hirschi, 
2000), CAX4::GUS signal was only increased under Ca2+ limiting conditions (Figure 
3.1).  The induction of CAX4 expression by Ca2+ depletion conditions is puzzling 
considering its putative vacuolar cation/H+ functions in excess cation tolerance.  This 
might be an indirect Ca2+ effect, such as when Ca2+ is depleted, the accumulation of 
other cations in the roots may be increased and this imbalance up-regulates CAX4 
expression. For example, root Ca2+ channels have good permeability for other cations, 
such as Mn2+ (White, 1998), and when Ca2+ is limiting, it might lead to the accumulation 
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of higher concentrations of other cations. Alternatively, CAX4 may be induced as a 
response to low Ca2+ conditions in order to maintain a pool of Ca2+ in the vacuole. In 
sum, the expression data suggest that CAX4 functions in root growth and adaptation. 
Among the CAXs, the root expression pattern of CAX4 appears to be unique; 
however, when expressed at high levels in plants, its biochemical properties resembled 
other CAXs.  Expression of 35S::CAX4 could partially suppress the cax1 defect in 
vacuolar Ca2+/H+ transport (Figure 3.4).  Previous studies using yeast found that CAX4 
could only transport Ca2+ if the N-terminus was modified (Cheng et al., 2002).  This 
result therefore suggests that when expressed in Arabidopsis, CAX4 can be activated 
without requiring artificial deregulation.  Previous work in both yeast and plant 
expression systems suggests that CAX4 may modulate both vacuolar Ca2+ and metal 
levels, including Cd2+, depending on the environmental conditions (Park et al., 2005; 
Korenkov et al., 2007a, 2007b).  Given the similar ionic radius of Cd2+ and Ca2+, it is not 
surprising that CAX4 can transport both Cd2+ and Ca2+.  Evidence for a role of CAX4 in 
Ca2+ homeostasis is also suggested by the ion sensitivity phenotypes of tobacco and 
Arabidopsis plants expressing 35S::CAX4 (Figure 3.5 and 3.6).  These phenotypes are 
similar to those of sCAX1-expressing tobacco and tomato plants (Hirschi, 1999; Park et 
al., 2005).  Ectopic expression of sCAX1 in tobacco causes sensitivity to Mg2+, K+, and 
Na+ stresses, which are associated with Ca2+ deficiency (Hirschi, 1999).  We speculate 
that this is caused by Ca2+ deficiencies that arise from over-accumulation of Ca2+ into the 
vacuole.  Consistent with this explanation, the addition of Ca2+ in the medium restored 
the normal growth of CAX4-expressing tobacco and Arabidopsis lines (Figure 3.5).  
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While CAX4 expression caused numerous ion sensitivities, CAX4-expressing tobacco 
plants are also more tolerant to Cd2+ and Mn2+ (Korenkov et al., 2007a).  The increased 
Cd2+/H+ antiport activity and Cd2+ tolerance in CAX4-expressing tobacco and yeast 
(Cheng et al. 2002; Korenkov et al., 2007a) suggests that CAX4 is a cation transporter 
which has a high affinity for both Cd2+ and Ca2+.  We postulate that at the root apex, 
CAX4 is important for the regulation of Cd2+ and Ca2+ levels.  It is likely, however, that 
the predominant substrate for CAX4 under normal growth conditions is Ca2+. 
The CAX4 silencing experiments indicate that CAX4 functions in root growth 
and development during heavy metal stress conditions.  The cax4-1 and CAX4 RNAi 
lines displayed altered root architectures only when exposed to Cd2+ or Mn2+ stress 
(Figure 3.3).  Such Cd2+ sensitivity is also found in other Cd2+ transport mutants. For 
example, a knockout of ATM3, which encodes an ATP-binding cassette metal 
transporter, is more sensitive to Cd2+ than wild type plants (Kim et al., 2006).  Likewise, 
knockout of the vacuolar-localized P1B-type ATPase AtHMA3 causes Cd2+ sensitivity 
(Morel et al., 2008). These metal sensitivity root phenotypes of cax4 are distinct from 
other cax lines.  Arabidopsis lines deleted for CAX3, which is also highly expressed in 
roots, are sensitive to salt stress, low pH, and abscisic acid, but not Cd2+ (Zhao et al., 
2008).  These observations suggest that each CAX transporter may be involved in 
responding to specific environmental stress conditions.  The cax4 mutants root 
phenotypes are consistent with its biochemical functions as a Ca2+ and Cd2+ transporter 
and highlight its importance in root growth and development through mediating metal 
ion sequestration.  
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The results presented here support the idea that CAX4 cation/H+ antiport activity 
is required for the fidelity of auxin-mediated root growth and development.  The CAX4 
mutants exhibited altered responses to exogenous auxin (Figure 3.6) but no other 
hormones perturbed cax4 mutant growth.  A reduction in IAA content in the root tip in 
the cax4 mutants, as indicated by reduced DR5::GUS expression (Figure 3.7a), would 
lead to loss of primary root meristem function and inhibition of root growth. A similar 
phenotype has been seen in plants over-expressing an AGC-type kinase PID (Friml et 
al., 2004). Previous studies have indicated a link between cytosolic Ca2+ signaling and 
auxin-regulated plant development via PID and other AGC kinases (Benjamins et al., 
2003; Robert and Offringa, 2008). Ca2+ regulates these kinases through interaction with 
Ca2+ binding proteins and the kinase in turn regulates the PIN auxin efflux carrier. Thus 
it is possible that increased cytosolic Ca2+ levels that may occur in some root cells 
lacking CAX4 (due to reduced transport into the vacuole) could cause altered auxin 
efflux, impaired root auxin gradients, and altered root development. In contrast, the 
auxin sensitivity phenotype could be due to altered homeostasis of metals such as Cd2+ 
and Mn2+ in cells lacking CAX4. Metal homeostasis plays a role in auxin responses 
because it is important for some aspects of IAA metabolism (Tam et al., 2000; Walz et 
al., 2002; Magidin et al., 2003; Rampey et al., 2006).  For example, amidohydrolases 
that cleave IAA-amino acid conjugates require metal cofactors for activity, and metal 
homeostasis regulators are involved in this process (Lasswell et al. 2000; Magidin et al., 
2003; Rampey et al., 2006).  Our observations suggest a link between Cd2+ homeostasis 
and auxin responses. Previous studies have indicated links between auxin homeostasis 
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and Cd2+ stress (Hagen and Guilfoyle, 1985; Hagen et al., 1988; Rajkumar et al., 2005; 
Ganesan, 2008).  It is possible that cax4 lines that are unable to tolerate Cd2+ stress are 
also uncoupling auxin production and/or metabolism in roots.  Further studies are 
required to determine the relationship between metal homeostasis, auxin sensitivity, and 
CAX4 function. Additionally, the relationship between specific CAX transporters and 
auxin signaling requires further studies.  For example, roots of cax1 lines are slightly 
more tolerant to auxin (Cheng et al., 2003) whereas cax4 lines are more sensitive.  This 
may be due to differences in expression between CAX1 and CAX4.  Ca2+ imaging studies 
and measurements of auxin transport in each CAX mutant will be useful in dissecting the 
specific roles of each transporter in auxin responses. 
 
 
 
 
 
 
 
 
 
 
 
 
 68 
CHAPTER IV 
AN ENDOMEMBRANE Ca2+/H+ ANTIPORTER IS REQUIRED FOR ZEBRAFISH 
(Danio rerio) NEURAL CREST DEVELOPMENT 
 
Introduction 
Ca2+ acts as ubiquitous second messengers in the signal transduction pathway to 
regulate many physiological processes, including embryogenesis and many aspects of 
development (Ashworth et al., 2001; Blader and Strahle., 2000; Creton, 2004). Ca2+ 
concentrations are maintained by transmembrane Ca2+ fluxes that are modulated by Ca2+ 
transporters both on the plasma membrane and on endomembranes. Analysis of the 
growing volume of genomic sequence data from a variety of species suggests many as-
yet-uncharacterized proteins may contribute to transport of Ca2+ during growth and 
development.  
In yeast and plant cells, CAtion/H+ eXchanger (CAX) proteins have been 
identified as playing a role in the restoration of low cytosolic Ca2+ levels after Ca2+ 
signaling events (Cunningham and Fink, 1995; Cheng et al., 2003; Zhao et al., 2008).  
CAX proteins use a gradient of H+ generated by proton pumps to export Ca2+ or other 
cation out of the cytosol (Kamiya and Maeshima, 2004). There are 186 CAX open 
reading frames (ORF) sequences deposited in the public databases and the phylogenetic 
analysis demonstrates that the CAX family consists of three major types of CAXs: Type 
I, II , and III (Shigaki et al., 2006). Several Type I and Type III CAXs have been well 
characterized including yeast Vcx1 and Escherichia coli ChaA (Cunningham and Fink, 
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1995; Ivey et al., 1993; Ohyama et al., 1994; Naseem et al., 2008). However, there is a 
dearth of information available regarding Type II CAXs, and still less on their role in 
growth and development. 
Previously characterized CAXs are all from plants, bacteria, and fungi and 
speculation has been that H+-dependent Ca2+ transporters are not found in animal cells 
(Cai and Lytton, 2004). Genome analysis suggests that Type II CAXs are present in a 
broad range of organisms (Shigaki et al., 2006).  In fact, Type II CAXs are present in 
some animal species, including Xenopus, the sea unchin and fish species. When 
compared to Type I and III CAXs, Type II CAXs have a unique N-terminal secondary 
structure and two or more additional transmembrane (TM) domains at the N-terminus. 
To date, the only Type II CAX that has been functionally characterized is the yeast (S. 
cerevisiae) Vnx1 (Cagnac et al., 2007).  The transport data suggests Vnx1 helps regulate 
cytosolic cation concentrations and perhaps pH levels, but the biological role of Type II 
CAXs remains speculative. 
Zebrafish (Danio rerio) has emerged as a powerful model for dissecting the 
relationship between Ca2+ signaling and development (Berridge et al., 2000; Ashworth et 
al, 2007; Lamason et al., 2005; Ginger et al., 2008). Ca2+ signaling plays a crucial role 
ranging from initiation of fertilization through embryonic patterning and oragnogenesis 
(Berridge et al., 2000; Webb and Miller, 2006; Ashworth et al, 2007). Ca2+ signaling 
mediates the induction and establishment of the highly migratory pluripotent neural crest 
cells that give rise to a variety of differentiated cell types, such as cranial cartilage, 
neurons, and pigment cells (Bouvard et al., 1998; Price et al., 2003; Jin et al., 2005), The 
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Ca2+ signaling that directs crest cell migrations and influences differentiation have been 
extensively studied, but the transporters involved in the Ca2+ transport and distribution to 
regulate the intracellular Ca2+ concentration have been less well understood. zebrafish 
CAX homologs may serve as valuable tools to dissect the function of animal CAX 
transporters in growth and development.  
Here we report the cloning and characterization of zebrafish cax1, a Type II 
CAX. Using yeast as an experimental tool, we examined the subcelluar localization and 
biochemical function of this animal CAX.  Our genetic analysis in zebrafish suggests 
that Cax1 functions as a Ca2+ transporter that is required for neural crest development.   
 
Materials and Methods 
Phylogenetic analysis 
Protein BLAST searches were performed in August, 2005, using the National 
Center for Biotechnology Information Web site (http://www.ncbi.nlm.nih.gov/BLAST/) 
on the nonredundant protein database. As the reference sequences for BLAST, 
Saccharomyces cerevisiae Vnx1 was used.  We identified 51 sequences that shows a 
characteristic Type II CAX secondary structure and these were used for phylogenetic 
analyses. 
Multiple sequence alignments (Supplementary Material) were performed using 
ClustalW, available on the European Bioinformatics Institute Web site 
(http://www.ebi.ac.uk/clustalw/), with additional manual adjustments. Only the 
homologous regions were used for the multiple sequence alignments.  The phylogenetic 
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tree on the data sets was constructed using Protdist and Fitch programs in the 
phylogenetic suite Phylip (Felsenstein, 1996).  The tree file was visualized by the 
program Treeview (Page, 1996). 
Yeast strain and plasmid 
The yeast (Saccharomyces cerevisiae) vnx1 strain was generated by replacing 
the YNL321W ORF with the kanMX6 gene by PCR-based gene deletion method 
(Longtine et al., 1998) using the following primers: YNL321w-F1 5’ 
AAGTGAAATAACTGCTAGCTAGAAGAGCGGTAAGCAGCACGGATCCCCGGG
TTAATTAA-3' and YNL321w-R1 5'-
AAAATTGGTAGGTATCCAGGTGAAAAGCGGGGAC 
AGTTGCGAATCGCTCGTTTAAAC-3'.  Genomic DNA from Geneticin-resistant 
strains was isolated and insertion of the disruption cassette into the correct locus was 
verified by PCR. The vnx1 pmr1 strain was generated by crossing vnx1 to pmr1 
(Cunningham and Fink, 1996). The vnx1 and vnx1 pmr1 strains were transformed 
and grown as described previously by Shigaki et al. (2003). The cax1 and HA-Cax1 
clones were subcloned into the yeast expression vector piHGpd (Nathan et al., 1999) as 
described in previous studies (Pittman and Hirschi, 2001; Pittman et al., 2002a). 
Yeast culture conditions, sample processing, and ICP-AES analysis 
Yeast culture conditions and sample processing were modified from a previous 
study (Eide et al., 2005). Yeast cultures were inoculated in 5 ml yeast–peptone–dextrose 
(YPD) and 1/100 vol. of 100x mineral supplement stock (Eide et al., 2005) with 
additional 10 mM CaCl2. The cells were grown at 30 °C to stationary phase. A 2.5 ml 
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sample of each culture was collected by vacuum filtration using isopore membrane filters 
(1.2 µm pore size) (Fisher Scientific, PA, USA). Cells were washed three times with 1 
ml of 1 µM ethylenediaminetetraacetic acid disodium salt solution, pH 8.0, by vacuum 
filtration followed by three washes with 1 ml of distilled, deionized H2O. The filters were 
dried at 70 °C in an oven for 48 h before inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) analysis, performed as previously described (Lahner et al., 
2003). 
Membrane fractionation and Western analysis 
Microsomal membranes were prepared from yeast expressing HA-Cax1 as 
described by Pittman and Hirschi, (2001). Immunoblots were performed and the HA 
epitope was detected essentially as described previously (Hirschi et al., 1998; Pittman 
and Hirschi, 2001). 
45Ca2+ transport assays 
Calcium transport in sucrose gradient fractions was assayed as described by 
Sorin et al. (1997). 
Fish strains 
The wild-type strain was derived from the AB line (Eugene, OR). Embryos were 
developed in an incubator at 28.5°C in fish water containing 0.008% Instant Ocean salts.  
Morpholino injections 
Morpholino oligomers obtained from Gene Tools Inc. were diluted and injected 
as previously described (Nasevicius and Ekker, 2000 ; Phillips et al., 2001 ). A total of 
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1-5 ng MO was injected per embryo. At least 25 specimens were examined for each 
experiment.  
To knockdown cax1, translation-blocking morpholinos and splice-blocking 
morpholinos were generated as follows: translational blocking MO:   5' 
ACATCGTGGGTTTGATTTGAGCCAT  3'; splice blocker exon1/2 (splice donor site): 
5' AGATGATTATAATACTGACCTGAGC 3'; splice blocker exon2/3 (splice acceptor 
site): 5' CTTAAATACTCACTGTGGGCAGAGA  3'; Unless stated otherwise, pax8 
morphants were injected with 2.5 ng each of variant 1 MO and variant 2/3 MO to 
maximally disrupt cax1 function. 
In situ hybridization 
In situ hybridization was carried out as described in Phillips et al. (Phillips et al., 
2001). Antisense riboprobes were transcribed from plasmids containing cax1. 
Alcian blue staining 
Staining with Alcian blue was performed as described by Solomon et al. (2003). 
Mis-expression of Cax1 
Full length cax1 was cloned into pCS2 expression vector. RNA was synthesized 
in vitro and 200ng RNA or 300ng was injected into the yolk of cleaving embryos at the 
one- cell stage, or was co-injected with cax1 MO. To misexpress Cax1 under the control 
of the cytomegalovirus promoter, 30-60 pg plasmid DNA was injected into one-cell 
embryos, or was co-injected with cax1 MO. 
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Immuno-staining 
Antibody staining was performed as described by Phillips et al. (2006). Embryos 
were incubated with primary monoclonal antibodies Pax7 (1:150) purchased from the 
Developmental Studies Hybridoma Bank. Embryos were washed and incubated with 
Alexa 488 goat anti mouse IgG (Molecular Probes A-11001, diluted 1:50). 
 
Results 
Identification of zebrafish cax1 
To study the function of animal Type II CAXs, we set out to clone zebrafish cax1 
by a PCR based approach.  Microarray data suggests that the highest level of zebrafish 
cax1 expression in zebrafish embryos is at 24 hpf (hours post-fertilization). Therefore, 
total RNA was extracted from zebrafish 24 hpf embryos and used to amplify the cax1 
full length cDNA by using gene specific primers. The cax1 cDNA consists of 2,295 
nucleotides, which code for a polypeptide containing 764 amino acids (accession no. 
DQ631793, Fig. 4.1). The deduced protein was aligned with previously identified yeast 
Type II CAX, Vnx1, and other animal Type II CAXs (Fig. 4.1). zebrafish Cax1 was only 
28% identical (33% similarity) to Vnx1 and exhibited much higher identity to other 
animal Type II CAXs. It is 66% identical (77% similarity) to zebrafish Cax2, 62% 
identical (76% similarity) to frog type II CAX, and 64% identical (77% similarity) to 
fugu fish type II CAX (Fig. 4.1).  
The phylogenetic analysis of all 51 Type II CAX sequences that were available 
from public databases (www.ncbi.nlm.nih.gov) indentified several subgroups (Fig. 4.1).  
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Figure 4.1 Phylogenetic analysis of Type II CAXs. 
 
A Alignment of deduced amino acid sequences of polypeptides encoded by zebrafish cax1 and cax2, Xenopus cax1 and 
cax2, and Fugu cax1. Consensus amino acid residues are boxed in black (identical) or gray (similar). B. Phylogenetic 
tree made from 51 full-length Type II CAXs in the public database.  The tree branches are labeled with the species from 
which each CAX was derived. When there are multiple CAXs from the same species, they are distinguished by a number 
after the specific epithet. The zebrafish Cax1, and yeast Vnx1 are marked with “     “ and two Vandervaltozyma 
polyspora CAXs are marked with “     “. 
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Type II CAXs from Ascomycetes and Deuteromycetes formed one large group and Type 
II CAXs from Basidiomycetes formed another group (Fig. 4.1).  Fish and Xenopus Type 
II CAXs were distant from these two groups.  Most fungal species only contained one 
copy of Type II CAXs. However, a yeast species Vandervaltozyma polyspora contained 
two Type II CAXs that were not clustered together (Fig. 4.1).  
Subcellular localization of Cax1 in yeast 
To initially test the properties of zebrafish Cax1, we expressed the open reading 
frame in various yeast (Saccharomyces cerevisiae) strains. To identify the cellular 
localization of Cax1 in yeast, an epitope-tagged variant was generated by the fusion of 
triple copy of HA (hemagglutinin) to the N terminus (HA-Cax1).  An N-terminal HA 
epitope tag has previously been used to identify the cellular location of other CAXs in 
yeast (Cunningham and Fink, 1999; Pittman and Hirschi, 2001; Shigaki et al., 2001).   In 
yeast cells, HA-Cax1 was expressed under the control of the constitutive 
glyceraldehydes phosphate dehydrogenase promoter (GPD; Nathan et al., 1999) and 
localized to endomembranes but not to the vacuolar membranes (Fig. 4.2). 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Subcellular fractionation of HA
 
The W303 yeast strain was transformed with HA
extract-peptone-dextrose medium and membranes were fractionated on a sucrose 
gradient (15–48%, w/w). Protein extracts (10 
polyacrylamide gel electrophoresis and transferred to nitrocellulose. Proteins were 
immunodetected with an immune serum specific for hemagglutinin, yeast vacuolar 
alkaline phosphatase (ALP) and the yeast e
phosphate mannose synthase (DPMS).
 
-tagged Cax1. 
-Cax1 grown in standard yeast 
mg) were separated by SDS
ndoplasmic reticulum protein dolichol 
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Functional characterization of cax1 in yeast mutant cells 
To date the majority of functionally characterized CAXs have some role in 
calcium transport (Hirschi et al., 1999; Cheng et al., 2003). We were interested in further 
investigating the role of Vnx1 in calcium homeostasis as a means to dissect zebrafish 
Cax1 function. Recent technologies make it possible to measure the sum total of all the 
mineral nutrients and trace elements in the cell, termed the ionome (Lahner et al., 2003). 
When putative transporters are perturbed in yeast, the alterations in the ionome profile 
have been used to infer function (Eide et al., 2005; Cheng et al., 2005; Mei et al., 2007). 
Under normal conditions, the ionome of vnx1 is similar to wild type (Eide et al., 2005); 
however, when grown in elevated levels of calcium, vnx1 cells accumulated 64% less 
calcium than controls (Fig. 4.3).  Other metal levels were similar among all the yeast 
cells tested (data not shown). These observations suggest that under particular 
environmental conditions Vnx1 may transport Ca2+ (Fig. 4.3).  Endomembrane Vcx1 
independent Ca2+/H+ transport activity can be measured in yeast cells deficient in Pmr1, 
a Golgi Ca2+-ATPase (Marchi et al., 1999).  In order to determine if this Ca2+/H+ 
transport activity is mediated by Vnx1, we made a vnx1 pmr1 double mutant and 
examined Ca2+ transport activity.  In vnx1 pmr1 cells, the endomembrane Ca2+/H+ 
transport activity that was detected in pmr1 cells was absent (Fig. 4.4) 
To test the function of zebrafish Cax1, we expressed the putative animal 
transporter in vnx1 and vnx1 pmr1 cells. Ionome analysis demonstrated calcium 
accumulation increased two-fold in Cax1-expressing vnx1 cells compared with controls 
(Fig. 4.3). We also examined the ionome profile of HA-Cax1-expressing vnx1 cells and 
  
they accumulated calcium comparable to Cax1
tagged protein remained functional (Fig. 
properties confirmed the ionome data. When expressed in   
restored the endomembrane Ca
indistinguishable from pmr1
 
 
 
Figure 4.3 Concentration of total calcium in wild type, 
HA-cax1 expressing vnx1 
 
A. Concentration of total calcium in wild type and
yeast-peptone-dextrose (YPD) medium with mineral supplements and additional 
10 mM CaCl2.  B. Vector
in yeast-peptone-dextrose (YPD) medium w
additional 10 mM CaCl2.
analyses. 
-exprssing vnx1 cells suggesting the 
4.3).  Directly measuring cax1 transport 
vnx1 pmr1 cells, Cax1 
2+/H+ transport activity and the transport properties were 
 cells (Fig. 4.4). 
vnx1, vector-, cax1
yeast cells.  
 vnx1 yeast cells grow in 
-, cax1-, and HA-cax1 expressing vnx1 yeast cells grow 
ith mineral supplements and 
  Data represent the means (±SE) from three independent 
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cax1 is expressed in zebrafish neural crest cells 
To determine the developmental role of zebrafish cax1 in zebrafish, we first 
examined the expression pattern of cax1 by using whole mount RNA in situ 
hybridization. Two probes were used, one containing 1.6 kb cax1 N-terminal coding 
sequence, and a second specific to cax1containing a 0.3 kb cax1 N-terminal sequence. 
Both probes gave similar results and for subsequent studies the 1.6 kb probe was used 
(Fig. 4.5). At 24 and 48 hpf, cax1 was predominantly detected in neural crest cells (Fig. 
4.5). To test if cax1 was exclusively observed in neural crest, we examined cax1 
expression in a double morphants of tfap2a/tfap2c that is neural crest deficient (Li and 
Cornell, 2007).  In these lines, cax expression could no longer be detected at 24 hpf (Fig. 
4.5).  
Cax1 is required for normal neural crest development 
We investigated the effects of zebrafish Cax1 disruption by antisense morpholino 
knockdown. We designed three different morpholinos, one to block translation of cax1 
and two to block pre-mRNA splicing. The cax1 translation blocker (TB) and cax1 splice 
blocker 2 (SB2) both affected neural crest development although to differing degrees of 
severity (Fig. 4.5, and 4.6). However, the cax1 splice blocker 1 (SB1) was ineffective 
and did not display a significant phenotype. RT-PCR confirms that SB2 was able to 
knock down cax1 while SB1 was not effective at knocking down the targeted mRNA 
(data not shown). p53 was co-injected with Cax1 SB2 in all experiments to reduce non-
specific cell death due to morpholino off-targeting seen in cax1 SB2 morphants, p53 was 
  
co-injected with Cax1 SB2 for all experiments (Robu et al., 2007).  In agreement with 
the expression of Cax1, the phenotype of 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
crest development. Neural crest cells give rise to a variety of different cell types and 
contribute to a number of body structures including elements of the jaw and the 
characteristic horizontal-stripe pigment pattern. At 30 hpf, the pigmentation o
morphants was significantly reduced however, by 48h this phenotype was less evident 
(Fig. 4.6). Alcian blue staining of jaw cartilage in 
Figure 4. 4 Ca2+/H+ antiport activity in 
pmr1/cax1 yeast. 
 
Ca2+/H+ antiport activity was determined in two endomembrane
vacuolar membrane-enriched fractions of sucrose density gradient separations of 
yeast lysates. Data are representatives of two independent experiments.
cax1 morphants (MOs) were specific to neural 
cax1 morphants at 72 hpf indicated 
pmr1, vnx1 pmr1, and vnx1 
-enriched but not 
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that disruption of cax1 function caused defects in jaw structure (Fig. 4.6). Disruption of 
cax1 function also caused defects in jaw development as seen with 72 hpf alcian blue 
staining of jaw cartilage. The gill arches, dorsal palate and mandibular cartilages were 
most severely affected in cax1 SB2 morphants and to a lesser degree in cax1 TB 
morphants. These jaw structures were either absent or reduced in size in cax1 morphants. 
We also examined expression of the neural crest marker, paired box protein Pax7, in 
cax1 morphants (Lacosta et al., 2007). At 24 hpf, there were fewer Pax7-expressing 
neural crest cells adjacent to hindbrain level (Rhombomere 1-3) in cax1 morphants (5+7) 
compared to controls (11+3) (Fig. 4.6 and Table 4.1). This is not a developmental delay 
as it can also be seen at 30 hpf (Fig. 4.6). 
Misexpression of cax1 
The pax7 phenotype was rescued by coinjecting cax1 mRNA resistant to MO 
knock down or coinjection of cax1 plasmid DNA. However, injecting 300pg of cax1 
mRNA without MOs also caused a reduction of Pax7 expressing neural crest cells (data 
not shown). The defects in jaw cartilage in cax1 morphants could not be rescued using  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. 5 Expression of 
 
Panel A show dorsal views. Panel B, C, and D show lateral views. A and B. Wild 
type embryos at 24 hpf showed 
embryos at 48 hpf showed low 
tfap2a/tfap2c morphants at 24 hpf showed no 
cax1. 
cax1 expression in neural crest cells. C. Wild type 
cax1 expression in neural crest cells. D. Embryos of 
cax1 expression.  
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Figure 4. 6 Impaired neural crest development in 
 
A. The live image of 30 hpf embryos showed the slightly smaller head and reduced 
pigmentation in cax1 morphants B. Imparied neural crest development in 
morphants. Alcian blue cartilage staining at 
Abbreviations: d, dorsal palate; g, gill arches; m, mandibular cartilage. Images 
show ventral views with anterior to the left. C. Anti
embryos of a control, cax1 
mRNA or DNA as indicated in the figure. 
 
cax1 morphants. 
72 hpf in zebrafish embryos.  
-Pax7 staining at 24 hpf in 
morphants, and cax1 morphants coinjected with 
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Table 4.1 No. of Pax7 expressing cells 
Control 8.8 ± 4.35 (n=15) 
cax1 MO 4.4 ± 2.9 (n=18)  *P<0.0001 
cax1 MO + cax1 RNA 10.25 ± 3.7 (n=16)  *P=0.16 ‡P<0.0001 
  No. of Pax7 expressing cells 
Control 16.3 ± 4.7 (n=12) 
cax1 MO 9.14 ± 5.3  (n= 18 ) *P<0.0001 
cax1 MO + cax1 DNA 14 ± 4.1 (n=16) *P=0.05 ‡P=0.0002 
 
 
 
Discussion 
A number of CAXs from plants and microorganisms have been functionally 
characterized; however, this study marks the initial characterization of an animal CAX. 
The phylogenetic analysis suggests that the animal Type II CAXs are not closely 
related to fungal CAXs.  However, two zebrafish CAXs are very similar to each other 
and zebrafish Cax1 is located on chromosome 4 and zebrafish Cax2 is located on 
chromosome 25 suggesting they might be paralogous.  Based on phylogeny, some 
species appear to have two distinct Type II CAXs, inferring diversity of function.  The 
phylogenetic distance between Vnx1 and zebrafish Cax1 implies that while they may 
have some similar biological functions (see below) the role of zebrafish cax1 is distinct 
from yeast Vnx1. While Type II CAXs are present in aquatic animal species, including 
fish species, the sea urchin, and Xenopus, CAXs are absent in terrestrial species.  We 
speculate that the presence of CAXs in aquatic species is necessary for them to adapt to 
different water environments.  
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Biochemically we have demonstrated in this study that Cax1 facilitates yeast 
endomembrane Ca2+ uptake.  While these localization studies are not directly applicable 
to zebrafish endomembranes, they facilitate the initial biochemical characterization of 
cax1.  When expressed in yeast endomembranes, cax1 can suppress yeast mutants 
defective in Ca+ uptake (Fig. 4.2 and 4.4). Additionally, cax1 expressing yeast cells 
demonstrated increased calcium accumulation compared to controls (Fig. 4.3). Several 
endomembrane cation/H+ transporter have been characterized in plants and mammalian 
cells (Ettinger et al., 1999; Venema et al., 2003; Sudhir et al., 1998; Numata and 
Orlowski, 2001). For example, human NHE7 is a Na+/H+ exchanger and localizes to the 
trans-Golgi network; the plant K+/H+ exchanger, LeNHX2, co-localizes with prevacuolar 
and Golgi markers in both yeast and plants.  Emerging evidence suggests the luminal 
acidification of organelles may be the driving force for cation/H+ antiporter in both 
plants and animals (Shigeri et al., 2004; Dunant et al., 2009).  Future studies will be 
directed toward more precisely comparing and contrasting cax1 transport with other 
Type II CAXs, most notably Vnx1.   
Our findings suggest Cax1 is required for neural crest development but may also 
have a role in pigmentation. Our expression studies are in an agreement with microarray 
data which suggest transitory cax1 expression is zebrafish embryos at 24 hpf (Fig. 4.5;  
Ming et al., 2008). The cax1 MO reduction in Pax7 predominately in the region adjacent 
to Rhombomere 1-3 also suggests the function of this transporter is spatially restricted 
within the neural crest. The defects in jaw structure and pigmentation are consistent with 
impaired neural crest differentiation and survival (Fig. 4.6; Phillips et al., 2006).  Ectopic 
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expression of cax1 rescued the Pax7 phenotype but both the pigmentation and jaw 
defects persisted. Our working model to explain these observations is that any alteration 
in Cax1 expression alters pigmentation and jaw development. To our knowledge, this is 
the first calcium transporter shown to function in neural crest development; however, 
previous studies have firmly established the role of calcium transporters in both 
zebrafish and human pigmentation (Lamason et al., 2005; Ginger et al., 2008)  
Our results do not define the kinetics of Cax1-mediated Ca2+ transport and direct 
evidence is lacking that Cax1 is involved in Ca2+ distribution within the neural crest. 
However, it is evident from the morphant phenotypes that Cax1 plays a crucial role in 
zebrafish neural crest development.  Although it is not clear whether other animal CAXs 
have similar functions, our results highlight the importance of CAXs in zebrafish 
embryo growth and development. 
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CHAPTER V 
SUMMARY 
 
Using a combination of approaches, I attempt to characterize the expression and 
physiological function of cation/H+ transporters. The first project was aimed at using 
yeast and transgenic tobacco plants to understand the regulation of Arabidopsis CAX1 in 
planta. The second project was using molecular and genetics approaches to characterize 
the physiological role of Arabidopsis CAX4 in roots. The results showed that CAX4 is 
expressed in roots and is required in root development under heave metal stress. The 
third project was to characterize the first animal CAX, zebrafish Cax1. The results 
showed that zebrafish Cax1 is expressed in neural crest cells and is important for neural 
crest development. Further experiments and analysis of other animal CAXs will be need 
to fully understand the role of these genes play in animal growth and development.  
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